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ABSTRACT
THE TEMPORAL AND SPATIAL DISTRIBUTION OF HYDROCARBONS 
IN ATMOSPHERIC DEPOSITION FROM STATIONS 
SURROUNDING LOWER CHESAPEAKE BAY
David Benjamin Webber 
Old Dominion University, 1982 
Director: Dr. Terry L. Wade
Hydrocarbon concentrations were determined in bulk, 
wet, and dry deposition samples from urban and non-urban 
locations surrounding lower Chesapeake Bay. Mean hydro­
carbon concentrations in bulk deposition samples were over 
three times greater at the urban station indicating a 
localized source. The major hydrocarbons present were 
n-alkanes, polycyclic aromatic hydrocarbons (PAH), and 
the unresolved complex mixture (UCM). The PAH and the 
UCM were an indication of significant anthropogenic inputs 
while the odd/even distribution of the n-alkanes was an 
indication of biogenic sources. These findings indicated 
seasonal trends of highest biogenic hydrocarbon inputs in 
the spring and summer months and highest anthropogenic 
inputs in the winter months.
The similarity of the hydrocarbons in bulk and dry 
deposition, the small concentration of hydrocarbons in 
wet deposition, the large percentage of hydrocarbons 
associated with particulates, the small washout ratio
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and the larger size particulates in bulk deposition 
samples all indicated that dry deposition is the major 
mechanism for the removal of non-volatile/ high molecular 
weight atmospheric hydrocarbons.
The atmospheric input of anthropogenic hydrocarbons 
to Chesapeake Bay through atmospheric deposition was 
determined to be at least 125 metric tons annually. 
Therefore, aerial input may be a significant source of 
hydrocarbon pollution to the Bay.
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Chapter 1
INTRODUCTION
Increasing amounts of organic compounds are entering 
the atmosphere due to the activities of man. Recently 
much attention has been focused on the sources, fate, and 
effects of these organics. One such group of compounds 
is the hydrocarbons. Some of these compounds are natural, 
but many are formed almost exclusively as a result of 
human activity (Lunde et al., 1977). These compounds may 
be injected high into the atmosphere from tall stacks or 
introduced at ground level. The pollutants which rise 
to high levels may travel great distances before finally 
being removed. Their distribution between different 
atmospheric layers and within each layer, their residence 
time and transport from place to place, and their fallout 
through wet and dry deposition are governed by particle 
and atmospheric physics as well as by meteorological 
conditions (NAS, 1972).
Hydrocarbons are ubiquitous throughout the litho­
sphere (Hites et al., 1980). Numerous studies have 
reported the presence of aliphatic and aromatic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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hydrocarbons in the lower troposphere (Hauser and 
Pattison, 1972; Simoneit et al., 1977; Karasek et al., 
1978; and Eichmann et al., 1979, 1980). Atmospheric 
hydrocarbons have been reported to be present in the 
vapor phase (Duce et al., 1974), on aerosols (Simoneit 
et al., 1977), and in rain and snow (Hoffman et al., 1980; 
Schrimpff et al., 1979; and Webber and Wade, 1981).
Hydrocarbons in the atmosphere are biogenic or 
anthropogenic in origin. Biogenic hydrocarbons, espe­
cially the reactive compounds such as the low molecular 
weight aliphatics and the olefins, are suspected to 
contribute to the ambient oxidization problem (Robinson 
and Robbins, 1972). Anthropogenic atmospheric hydro­
carbons may account for a small percentage of the total 
atmospheric hydrocarbons present on a worldwide basis; 
however, in large urban areas much larger percentages may 
be present (Lamb et al., 1980). Emissions of anthropo­
genic hydrocarbons to the atmosphere result from such 
activities as transportation, industrial processes, 
refining, and agricultural burning (NAS, 1972). Robinson 
(1978) has estimated that petroleum refining, handling, 
and storage may account for as much as 50% of the total 
anthropogenic hydrocarbon emissions. One important class 
of anthropogenic hydrocarbons which has been investigated 
in this study is the polycyclic aromatic hydrocarbons 
(PAH).
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Many specific PAH have been shown to be carcinogenic 
in animals; and although inferences for man must be made 
with caution, there is good reason to believe PAH may 
produce detrimental effects in humans (Lee et al., 1977). 
The EPA priority pollutant list contains 16 PAH (Federal 
Register, 44).
The distribution of hydrocarbons in the atmosphere 
is governed by complex chemical and physical processes. 
Studies have shown increased concentrations of certain 
pollutants downwind of pollutant inputs (Lunde and 
Bjorseth, 1977; and Hussain and Samson, 1979). Gaseous 
and particulate pollutants were found to accumulate in 
association with cold continental anticyclonic air masses, 
low wind speed, negative air temperatures near the 
ground, and persistent temperature inversions below 500 
meters (DeWiest, 1978). Long range atmospheric transport 
of organics has been proposed by several authors (Bjorseth 
et al., 1979; Murphy and Rzeszutko, 1978; Simoneit, 1977; 
and Harvey and Steinhauer, 1974). Air masses originating 
over polluted areas and transported long distances have 
shown significant correlations in the concentrations of 
organics collected in precipitation (Bjorseth et al.,
1979). In another study, concentrations of various 
compounds were shown to vary with wind velocity and 
direction, type of precipitation, and type of frontal 
system associated with the rainfall (Budinsky, 1981).
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Several authors have shown that dust particles can 
remain in the atmosphere for several days and be trans­
ported over several hundred kilometers before being 
removed (Risebrough et al., 1968; Simoneit, 1977; and 
Duce and Prospero, 1981). Long distance transport of 
pollens and spores is demonstrated in sampling by air­
craft and by the identification of non-native pollens 
hundreds of miles from the nearest source (Gregory, 1978; 
and McDonald, 1962).
Aliphatic hydrocarbons have been detected in air 
samples collected over the North Atlantic (Eichmann et al., 
1979), the Eastern Atlantic (Simoneit et al., 1977), the 
Indian Ocean (Eichmann et al., 1980), and the Pacific 
Ocean (Gagosian et al., 1981). These studies indicate 
that hydrocarbons may remain in the atmosphere for long 
periods of time and be effectively transported over long 
distances before being removed.
Appreciable amounts of hydrocarbons are found in the 
marine environment (NAS, 1975). There are problems, 
however, in estimating the inputs of hydrocarbons to the 
oceans. The total input of petroleum hydrocarbons (PHC) 
has been estimated to be greater than six million metric 
tons annually (NAS, 1975). The amount of PHC introduced 
by direct aerial fallout (dryfall and wetfall) is estimated 
to be approximately 10% or 0.6 million metric tons 
(Feurstein, 1973; and NAS, 1975). The Study of Critical
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Environmental Problems (SCEP, 1970) estimated the atmos­
pheric input of PHC entering the oceans, to be much 
greater, approximately 9 million metric tons, and sug­
gested that this number could double by 1980. It is 
difficult to determine with certainty the actual 
atmospheric inputs to the oceans because data on hydro­
carbon concentrations in precipitation and in the air 
is scant. Therefore additional studies are needed to 
better understand the inputs of atmospheric hydrocarbons 
to the oceans.
Dry deposition, wet deposition, and gas exchange are 
the three primary atmospheric removal processes. Dry 
deposition represents the accumulation of all materials, 
collected between but excluding precipitation events.
Wet deposition has been defined as the material deposited 
during precipitation events only (Galloway and Likens, 
1978). Bulk deposition is the sum of both wet and dry 
deposition (Whitehead and Feth, 1964).
Wet deposition is an important process by which many 
contaminants are removed from the atmosphere. Rainwater 
can receive its constituents either by processes within 
the clouds, which is generally called rainout, or by 
processes below the clouds which are called washout 
(Junge, 1963). Trace substances are thus concentrated 
into a small volume and removed from the atmosphere. 
Precipitation scavenging can be a key removal mechanism,
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but its significance will be dependent on the specific 
pollutant and meteorological variables (Slinn et al.,
1978).
While several studies have been made concerning 
pesticides and PCB's in rain (Murphy and Rzeszutko, 1978; 
Bevenue et al., 1972; Strachan and Huneault, 1979; and 
Peakall, 1976), relatively few investigations have been 
conducted concerning hydrocarbons in precipitation.
An investigation by Lunde et al. (1977), identified 
over 100 organic constituents in bulk precipitation of 
which a substantial portion were hydrocarbons. A similar 
investigation of petroleum hydrocarbons in rain was 
conducted by Fondekar and Topgi (1979). Continuously 
exposed samplers collected both wet and dry deposition 
for two major rain events and indicated a relatively 
small concentration of anthropogenic hydrocarbons. A 
study by Hoffman et al. (1980) reported the organic 
compounds in rainfall (individual wetfall events) above 
and below a forest canopy. The primary constituents 
identified were natural "waxy" type hydrocarbons attibuted 
to biogenic sources. Plasticizers and chlorinated hydro­
carbons were also identified and attributed to sources 
other than the vegetation. An eight month study of the 
extractable organic matter in precipitation in southern 
Indiana indicated that biogenic hydrocarbons and fatty 
acids were the predominant species present (Meyers and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Hites, 1982) . Schrimpff et al. (1979) determined several 
PAH in snow samples in Bavaria. The conclusions revealed 
that the high concentrations in the metropolitan area 
were primarily due to automobiles and heating emissions. 
Matsumo and Hanya (1980) indicated that both anthropogenic 
and biogenic hydrocarbons were present in bulk deposition 
samples collected in Japan. A preliminary investigation 
of hydrocarbons in bulk precipitation in Virginia (Webber 
and Wade, 1981) has also indicated significant anthropo­
genic inputs. From these few investigations it has been 
revealed that hydrocarbons may be important constituents 
of atmospheric precipitation.
Dry deposition is another important process for 
removal of atmospheric hydrocarbons. Very little is 
known about the magnitude of dry deposition of trace 
organics. Theoretical estimates have been made by Slinn 
et al. (1978), Sehmel and Hodgeson (1974), and Marenco 
and Fontan (1976). Dry deposition is a very difficult 
problem to understand. It may be dependent on the concen­
trations present, depositional surface, and resuspension 
(Eisenreich et al., 1981; and Slinn, 1976). The three 
major processes which contribute to particulate dry depo­
sition include Brownian motion, inertial impaction, and 
sedimentation, all of which are very dependent on particle 
size. Atmospheric physical processes may also have 
significant effects on the composition of dry deposition.
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Much, less information is available to access the role 
of dry deposition in comparison to wet removal. Several 
studies have indicated the significance of dry removal 
for particulates (Duhameau and Noel, 1978), sulphur 
compounds (Garland, 1978; and Shriner et al., 1980), trace 
metals (Eisenreich, 1980; and Lindberg and Harriss, 1981), 
and PCB's and DDT (Atlas and Giam, 1981). No data has 
been found concerning the concentration of hydrocarbons 
in dry deposition. Matsumo and Hanya (1980) and Webber 
and Wade (1982) have suggested that dry deposition may 
contribute a substantial portion of the hydrocarbons found 
in bulk deposition samples. Several studies have reported 
the presence of hydrocarbons in certain particulate size 
fractions (Van Vaeck and Van Cauwenberghe, 1978; Broddin 
et al., 1977; Van Vaeck et al., 1979; and Fissan et al., 
1978). Since hydrocarbons are present in significant 
concentrations on particulates and in aerosols, they 
seem likely to be present in dry deposition.
With renewed emphasis on air pollution, the initia­
tion of many studies concerning the concentration and 
deposition of organics have been made. From the paucity 
of data concerning both aliphatic and aromatic hydrocarbons 
in atmospheric deposition, it is apparent that additional 
information is needed and will be useful in determining 
the speciation, concentrations, and deposition rates of 
these compounds.
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The study described here has been the first extensive 
attempt to investigate hydrocarbon constituents in atmos­
pheric deposition. Samples were collected at four 
stations over a 16 month period, from November 1980 to 
February 1982, during which a total of 144 samples were 
collected and analyzed. The primary goal of this study 
was to determine the concentration, speciation, and 
sources of hydrocarbons in bulk atmospheric deposition.
A limited number of wet and dry deposition samples were 
also analyzed in an effort to determine the contribution 
of each to total atmospheric hydrocarbon deposition.
This investigation reports the qualitative and quantita­
tive distribution of non-volatile, non-reactive high 
molecular weight hydrocarbons, containing 13 to 33 carbons 
(c1 3“c3 3 ). Results of this investigation allow for 
estimates to be made of the magnitude of the annual 
atmospheric hydrocarbon deposition to Middle Atlantic 
Coastal regions.
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Chapter 2
STUDY AREA
This investigation was conducted in conjvinetion with 
a project sponsored by the Environmental Protection Agency 
Chesapeake Bay Programs, to study the wet and dryfall to 
the Bay. Reported here is data for hydrocarbon analysis 
of bulk, wet, and dry deposition from stations surround­
ing lower Chesapeake Bay.
Stations were established to give representative 
spatial coverage of the lower bay region. The locations 
of these stations are shown in Figure 1.
Station 1 was located at Old Dominion University in 
Norfolk, Virginia. Samples were positioned on the roof 
of the stadium press box at Foreman Field, approximately 
20 meters above the ground. This sampling station was 
approximately 500 meters west of Hampton Boulevard, a 
major thoroughfare. Norfolk is an urban environment with 
a metropolitan population of approximately one million. 
Numerous major industries located in the surrounding 
area include shipbuilding and repair, chemicals, petro­
leum refining and related products, masonry products,
10
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Fig. 1. Sample stations surrounding lower
Chesapeake Bay: Station 1, Norfolk;
Station 2, Gloucester Point; Station 3, 
Kilmarnock; Station 4, Cedar View.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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peanut processing, foods, machinery, transportation 
equipment and others. Norfolk is also the nation's 
largest naval installation with four major military bases 
in the Tidewater area. In addition, Tidewater is one of 
the largest ports on the east coast and boasts the world's 
largest coal loading facility. These industries along 
with the traffic contribute significantly to the pollution 
burden of the urban environment. Station 1 was expected 
to represent an environment much like that of other large 
urban areas around the United States.
Station 2 was established at the Virginia Institute 
of Marine Science in Gloucester Point, Virginia. This 
station was located approximately 65 km northwest of 
Norfolk on the north shore of the York River. The samplers 
were located on the roof of the Demonstration Building and 
were positioned at the southeast corner, approximately 
10 m above the ground. This station is also approximately 
0.6 km west of the Coleman Bridge and Route 17, a moder­
ately traveled highway. Two possible regional sources 
of hydrocarbon contamination in the vicinity were the 
Virginia Electric and Power Company electric generating 
station and the Amoco oil refinery, both in Yorktown and 
within 8 km to the southwest of the station. A possible 
source of local contamination may have been due to an oil 
fired boiler at the northwest corner of the building.
This unit has limited use and did not appear to be a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
significant factor influencing deposition to the samples 
Gloucester Point is the southernmost town in rural 
Gloucester County. The major occupations in the area 
are fishing and agriculture.
Station 3 was established in the town of Kilmarnock 
Virginia. Kilmarnock is a small town with a population 
of 6,000 located 130 km north-northwest of Norfolk and 
120 km east-northeast of Richmond. The samplers were 
placed atop a 20 meter steel tower near the center of 
the town. No major industries and few manufacturing 
firms are located in the town or surrounding areas. 
Agriculture, agribusiness, and fishing are the primary 
occupations.
Station 4 was established on the Eastern Shore of 
Virginia at Cedar View, approximately 115 km north- 
northeast of Norfolk. The samplers were located on the 
banks of the Nandua Creek approximately 75 meters from 
a private all-electric residence. No large trees were 
nearby; however, an uncultivated lot was adjacent to the 
sampling station. The Eastern Shore is a rural region 
being dominated by agriculture and the seafood industry. 
Agriculture related businesses and the processing of 
crops and seafood are the most important occupations in 
this area. Stations 2, 3, and 4 were representative of 
non-urban (rural) environments and were expected to show
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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several differences with respect to pollutant levels than 
those in an urban environment.
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Chapter 3 
METHODS AND MATERIALS
Several different types of samples were collected 
during this investigation. These samples included wet, 
dry, and bulk deposition. The majority of these samples 
were of bulk atmospheric deposition. Bulk deposition 
has been defined by Whitehead and Feth (1964) as the 
material that is deposited into a collector continuously 
open to the atmosphere. Wet deposition represents 
materials collected only during a precipitation event, 
whereas dry deposition is the accumulation of materials 
during all periods between rain events. All samples 
were analyzed for total hydrocarbons, which in some 
cases was further divided into aliphatic and aromatic 
fractions. As a preliminary investigation of other 
organics present in bulk deposition, the polar fraction 
of several samples was analyzed. Total organic carbon 
(TOC) was also determined in numerous bulk and wet depo­
sition samples (Velinsky, unpublished data). This gave 
a quantitative indication of the total organic material 
present.
15
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Bulk deposition samples were collected in a stain­
less steel sink (51 cm x 60 cm) , connected to a 19 liter 
glass bottle with all metal tubing. The sink was mounted 
in a frame fabricated from treated lumber and rests 130 cm 
above the base. The sink and bottle were initially 
cleaned with chromic acid, rinsed with deionized water, 
then solvent rinsed several times with methanol and 
methylene chloride (MCB-OmniSolv). Bulk samplers 
remained in the field and were cleaned only if contamina­
tion occurred.
Wetfall "event" samples were collected in a 23.5 cm 
diameter stainless steel bucket. This collector was 
initially cleaned in the same manner as the bulk collec­
tors and was not cleaned between rain events.
Wet and dry deposition samples were collected in an 
automatic sensing wet/dry precipitation collector, model 
301, manufactured by Aerochem Metrics, Miami, Florida.
The sampler was designed to collect rain and snow in a 
collector which was open only during precipitation 
events; a second container was uncovered between precipi­
tation events and thus collected only dry deposition.
A sensor detected the occurrence of precipitation and 
activated a motor which removed the cover from the wet 
collector and transferred it to the dry collector. When 
the precipitation ceased, the cycle was reversed. The 
sensor circuit was activated when water droplets bridged
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the contacts. The sensor base plate was heated during 
the wet cycle to increase the rate of evaporation and, 
hence, reduce the "open" time after the cessation of 
precipitation. A polyethylene foam pad enclosed in a 
polycarbonate film was affixed to the underside of the 
roof and ensured a tight seal with the collector.
wet deposition samples were transferred in the field 
from the stainless steel collector to a solvent-cleaned 
4 liter glass bottle. The collector was rinsed with a 
small portion of organic-free deionized water (Millipore- 
Super-Q) and added to the sample. The collector was 
cleaned only if contamination occurred or it was moved 
to another station.
Dry deposition samples were collected in polyethylene 
buckets in the dry portion of the automatic sampler. The 
collectors were pre-cleaned with soap and water, methanol 
and then rinsed several times with copious amounts of 
organic-free deionized water before being placed in the 
field. Samples were exposed for various lengths of time 
and were collected less frequently than bulk samples.
Bulk deposition TOC samples were collected in 1 liter 
glass jars which were attached to the frame of the bulk 
sampler. The jars were cleaned with chromic acid and 
rinsed well with organic free water before being placed 
in the field. The jars were continuously exposed to
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atmospheric deposition and were replaced upon sample 
collection. Wet deposition TOC samples were collected 
in polyethylene buckets and were transferred to clean 
amber glass bottles upon return to the laboratory.
Samples were frozen until analysis could be performed.
Wet deposition inorganic samples were also collected in 
the polyethylene bucket. Analysis of nutrients and trace 
metals has been made and can be found elsewhere (Wade and 
Wong, 1981).
Following a major rain event (usually greater than 
1.25 cm) samples were collected and returned to the 
laboratory for analysis. Samples were analyzed within 
a few days following collection. Two internal standards, 
one aliphatic and one aromatic, were added to each sample 
(excluding TOC) prior to extraction. Initially, docosane 
(n-C2 2 ) anthracene were used as internal standards;
however, after April 10, 1981 eicosane (n-C2o^ 
hexaethylbenzene were used. Three hundred milliliters 
of methylene chloride was added to each sample and 
extracted for 15 minutes with a mechanical stirrer. The 
extraction efficiency was determined to be at least 85% 
for a single extraction. After being allowed to stand 
several hours the majority of the water was decanted off. 
Final separation of the water and organic phase was 
achieved using a 500 ml separatory funnel. The organic 
extract was evaporated to dryness on a rotary flask 
evaporator at 30°C under vacuum.
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The hydrocarbons were separated from other lipoidal 
compounds by the use of thin layer chromatography (TLC). 
TLC plates coated with 300 microns silica gel (Merck 60G) 
were first pre-run, to remove contaminants, in an 80:20 
mixture of methylene chloride:methanol for six hours 
prior to use. The pre-run plates were dried under 
nitrogen and spotted with both sample and a reference 
standard. The plates were developed in hexane and 
visualized with bromothymol blue and ammonium hydroxide. 
The first fraction f̂ ., (Rf .98) contains the aliphatic 
hydrocarbons, the second fraction (Rf .54) contains
the olefinic and lower molecular weight aromatic hydro­
carbons, and f3 , (Rf .40) contains the higher molecular 
weight aromatic hydrocarbons. The plates were scraped 
and extracted with 30 ml of methylene chloride. The 
final extracts were evaporated to dryness and analyzed 
by gas chromatography.
Wetfall "event" samples were analyzed by the same 
procedure as described for the bulk samples; however, 
because of smaller volumes collected, the samples were 
extracted by repeated shaking in the 4 liter glass bottle.
The analysis of the dry deposition samples required 
scraping and rinsing the materials collected from the 
bucket with a small portion of organic-free deionized 
water. The particulates were-collected on pre-ignited 
pre-weighed glass fiber filters (Gelman A/E, 0.3 um) .
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The filters were dried at 30°C for 24 hours, cooled in 
a desiccator and reweighed on a Mettler analytical 
balance (model H78AR). Dry weights yielded an approxi­
mate deposition rate for total particulate dry deposition. 
The filters were subsequently extracted to give a quanti­
tative and qualitative determination of the hydrocarbons 
present.
Several samples were also analyzed for mono- 
carboxylic acids (fatty acids). A few modifications of 
the procedure for hydrocarbon analysis were necessary.
In addition to the hydrocarbon internal standards, 
heptadecanoic acid (c1 7 .q) was added to the sample 
initially. The sample was also acidified to a pH 2 with 
dilute acid. The sample was then extracted and evapo­
rated by the same procedure as the hydrocarbons. The 
remaining residue was transferred with a small portion 
of methanol and toluene (~ 1 ml @) to a screw cap tube. 
Approximately 2 ml of BF^-MeOH was added to the sample, 
then purged with nitrogen and sealed. The sample was 
then placed into a boiling water bath for five minutes. 
After the sample was removed and allowed to cool the 
methyl esters and hydrocarbons were extracted from the 
mixture using three 4 ml portions of hexane. The extracts 
were combined and reduced to dryness. The organic extract 
now contained hydrocarbons, fatty acid methyl esters, 
and other polar compounds. To achieve separation of the
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methyl esters from the more polar species, a more polar 
TLC solvent system was necessary. A 90:10 mixture of 
hexane:toluene was chosen to allow the separation of 
both hydrocarbons and fatty acids (Velinsky, 1982).
Sample analysis was performed on a Hewlett-Packard 
model 5830A gas liquid chromatograph (GLC) equipped with 
a 25 meter fused silica narrow bore capillary column.
Three chromatographic columns were used during the 
period of analysis. An SP-2100 methyl silicone column 
was used prior to July 1, 1981. This column was replaced 
with an SE-54 methyl phenyl vinyl silicone column. A 
third column identical to the second, was installed on
January 18, 1982 and used to complete the analysis. The •
hydrocarbon components were determined by a flame ioniza­
tion detector with responses recorded on a Hewlett-Packard 
model 18850A reporting integrator. Hydrocarbon samples 
were analyzed using temperature programming techniques 
(80-300°C at 10°C/min). Fatty acids were also analyzed 
using temperature programming techniques (100-200°C at 
10°C/min). Flow rates using nitrogen carrier gas were
adjusted to 75 cm/min and attenuation set at 32 to
reduce column bleed. Qualitative measurements of hydro­
carbons eluting between C13 and C33 and fatty acids 
eluting between anc* (~22 were made by comparing the 
area, measured by planimetry, of the internal standard 
with the area of the unresolved complex mixture (UCM)
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and resolved components. Qualitative identification was 
made by comparison of relative retention times to those 
of authentic reference standards and by co-injection. 
Procedural blanks consisting of all reagents and glass­
ware used were processed with each set of samples to 
determine blank levels and assure ho contamination had 
occurred. Reference standards were run daily to insure 
proper operation of the instrument as well as to give 
key relative retention times. A typical blank and 
reference standards are shown in Appendix A. All sample 
concentrations reported here have been corrected for the 
procedural blank.
Numerous wet and bulk deposition samples were 
analyzed for total organic carbon (Velinsky, unpublished 
data) using the phosphoric acid-persulfate wet oxidiza­
tion method outlined by Menzel and Vaccaro (1964). 
Triplicate samples were transferred to 10 ml pre-combusted 
ampules and acidified with 5 cc of H3PO4 . Approximately
0.2 g of K2S20g was added. Then the sample was purged 
with oxygen to remove inorganic C02 and sealed with a 
propane flame. The samples were oxidized in an autoclave 
at 15 psi and approximately 125°C for four hours. The 
organic carbon which had been oxidized to carbon dioxide 
was measured by a non-dispersive infrared analyzer 
(Oceanography International, model 0524B). Blanks were 
prepared by repeating the procedure without any
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sample added. Concentrations were averaged and based 
on a standard curve prepared daily. Analytical preci­
sion for the TOC analysis was approximately 8%.
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Chapter 4
RESULTS AND DISCUSSION
4.1 Bulk Atmospheric Deposition
Mean bulk hydrocarbon concentrations, ranges, and 
deposition rates for each station are reported in Table 1. 
Individual hydrocarbon concentrations for the 121 bulk 
deposition samples analyzed are contained in Appendix B. 
Total hydrocarbon concentrations for all stations ranged 
over two orders of magnitude (4-454 ug/£) with a mean for 
all samples of 66 vg/£. The mean hydrocarbon concentra­
tion at Station 1 (114 ug/i) was over three times the 
mean hydrocarbon concentration at the three non-urban 
stations (37 yg/2.) . This indicated localized hydro­
carbon sources at the urban station. The resolved 
fraction comprised approximately 50% of the total hydro­
carbons in samples collected at Station 1 and approximately 
60% of the total hydrocarbons in samples from Stations 2 
3, and 4. The unresolved materials usually represented 
a greater percentage for all samples collected in the 
late fall and winter months. An unresolved complex 
mixture (UCM) was present in all but six of the bulk
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Table 1. Mean resolved, unresolved and total hydrocarbon concentrations (ranges) and 












1 45 58 (6-248) 56 (0-152) 114 (11-400) 283 (24-3642)
2 22 13 (2-35) 10 (0-57) 23 (5-93) 62 (13-258)
3 25 23 (3-395) 19 (2-58) 42 (9-454) 78 (26-252)
4 29 29 (3-187) 16 (0-159) 45 (4-267) 79 (5-326)
All




76 22 (2-395) 15 (0-159) 37 (4-454) 74 (5-326)
^Resolved, resolved hydrocarbon concentration. 
2UCM, unresolved hydrocarbon concentration. 
^Total, resolved plus unresolved.
K>U)
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deposition samples collected. The presence of the UCM 
is an indication of anthropogenic sources and is caused 
by the complex mixture of compounds contained in fossil 
fuels and not resolved by gas chromatography (Farrington 
and Meyers, 1975) . Resolved peaks can be attributed to 
either biogenic or anthropogenic materials. Biogenic 
hydrocarbons usually show very distinct components.
Plant and animal waxes, for example, often show an alter­
nating n-alkane series with an odd carbon predominance 
in the c23”c 33 ran9e (Kolattukudy and Walton, 1972). 
Fossil fuels usually contain a homologous series of 
hydrocarbons with no carbon predominance (Farrington 
et al., 1976).
Figure 2 represents typical chromatograms of the 
aliphatic (A) and aromatic fractions (B) of samples 
collected during the winter months at Station 1.
Although both fractions show a UCM, it is most obvious 
in the aliphatic fraction. The n-alkanes are clearly 
evident in this figure and are labeled with respect to 
chain length. The n-alkanes show a definite odd carbon 
predominance. The aromatic fraction (4B) contains many 
resolved peaks and 15 PAH have been tentatively identi­
fied in this sample. Concentrations for the individual 
compounds are given in Appendixes F and G. The chroma­
tograms shown in this figure clearly show the presence 
of both biogenic and anthropogenic hydrocarbons.
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Fig. 2 Gas chromatograms of aliphatic (A) and 
aromatic (B) hydrocarbons in bulk deposi­
tion (1-56). Chromatographic conditions 
given in the text.
Note: IS, internal standard
13-33, n-alkanes 
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Bulk precipitation hydrocarbon concentrations (yg/2.) 
are plotted versus collection dates in Figures 3 and 4. 
Sample collection dates and volumes are summarized in 
Appendix C. These plots reveal a high degree of vari­
ability with generally higher hydrocarbon concentrations 
reported for samples from the urban station as compared 
to samples from the non-urban stations. The widely 
scattered points indicated no clear seasonal trends.
There appeared to be no significant correlation of total 
hydrocarbon concentration to volume of precipitation 
collected, as correlation coefficients of 0.355, 0.100, 
0.286, and 0.354 were determined for Stations 1, 2, 3, 
and 4, respectively.
The majority of the samples at Station 1 and several 
from Stations 2, 3, and 4 were separated, into aliphatic 
and aromatic fractions. The aliphatic fraction (f̂ ) 
contained only the saturated hydrocarbons. The lower 
molecular weight aromatic fraction (f2) contained any 
olefins which might be present as well as the alkylated 
benzene and naphthalene derivatives and polycyclic 
aromatic hydrocarbons (PAH) up to and including molecular 
weight 202. The olefins do not appear to be significant 
constituents of the hydrocarbons present. This may be 
due to their highly reactive nature. Acenaphthylene, 
acenaphthene, fluorene, phenanthrene, anthracene, fluoran­
thene, and pyrene were the most predominent PAH in
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Fig. 3. Hydrocarbon concentrations (yg/£.) in bulk 
atmospheric deposition versus collection 
dates at Station 1.
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Fig. 4. Hydrocarbon concentrations (yg/Jt) in bulk 
atmospheric deposition versus collection 
dates at Station 2 (x), Station 3 (+), 
and Station 4 (0).
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this fraction. A third fraction ^ 3 ) running slightly 
below ± 2 , contained eight additional PAH. The f2 
fraction was only analyzed in samples collected after 
June 8 , 1981. It contained the higher molecular weight 
PAH (chrysene, benzo(a)anthracene, benzo(k)fluoranthene, 
benzo(b)fluoranthene, benzo(a)pyrene, indeno(1 ,2 ,3-cd)pyrene, 
dibenzo(a,h)anthracene, and benzo(ghi)perylene).
The concentrations of aromatic, aliphatic, total 
hydrocarbons, and the percentage of resolved and unresolved 
components in each fraction are reported in Tables D-l,
D-3, and D-3 (Appendix D). Concentrations at Station 1 
ranged from 8 to 239 ug/& and 7 to 335 ug/S. for the 
aliphatic and aromatic fractions, respectively. Concen­
trations at the non-urban stations ranged from 3 to 
433 ug/i and 1 to 58 ug/l for the aliphatic and aro­
matic fractions, respectively. Obvious differences were 
evident in the concentrations of aromatics between the 
urban and non-urban environments. The aromatic fraction 
in samples from the non-urban stations represented only 
approximately 28% of the total hydrocarbons present while 
the aromatics were approximately 50% at the urban station. 
The mean aromatic concentration in samples collected at 
Station 1 was five times that in samples from the non- 
urban stations.
Figure 5 represents the aliphatic (A) and aromatic 
(B) fractions of a sample collected on February 5, 1982
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Fig. 5. Gas chromatograms of aliphatic (A) and
aromatic (B) hydrocarbons in bulk deposi­
tion (2-56). Chromatographic conditions 
given in text.
Note: IS, internal standards
15-33, n-alkanes 
E,G,H, PAH, refer to Fig. 2.
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at Station 2. This sample is representative of the 
hydrocarbons in non-urban samples collected during the 
winter months. The n-alkanes in this sample and those 
in Figure 4A were very similar in concentration and 
distribution. Both samples possessed a distinct/ odd 
n-alkane predominance with n-C2g being the predominant 
species in each. There were other differences in sample 
composition which was most likely due to the urban and 
non-urban environments in which the samples were collected. 
Although the UCM of each sample represented approximately 
the same percentages of hydrocarbons present/ the concen­
tration in samples 1-56 (Fig. 2, p. 27) was much greater. 
The most obvious difference was the presence of only 
three of the PAH is sample 2-56 (Fig. 5, p. 32).
While the PAH were a dominant species identified 
in almost all samples from Station 1, they were not 
frequently observed in samples from Stations 2, 3, and 
4. The PAH was produced mainly by anthropogenic sources 
with minor atmospheric inputs from forest fires and 
volcanic activity (NAS, 1972). There are also reports 
which suggest that small amounts of PAH may be synthesized 
by microorganisms (Suess, 1976; and Farrington et al.,
1976). Industrial processes are important sources of
PAH and include emissions from coke ovens (Broddin et al.,
1977), heat and power generation processes (Suess, 1976), 
chemical processing and refining (NAS, 1972), and other
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processes involving high temperature pyrolytic reactions. 
Therefore, it seems likely that the highest PAH levels 
would be found in areas near such input sources. This 
is consistent with the highest concentrations of PAH 
found at the urban station and lower concentrations at 
the non-urban stations. PAH which are emitted to the 
atmosphere at high temperatures cool rapidly and may 
condense on particles in the ambient air (Andren and 
Strand, 1981). Therefore, the ultimate fate of these 
compounds would be similar to that of atmospheric 
particles, i.e. dispersion and removal by sedimentation, 
impaction, washout, and rainout. Some of the PAH may 
also exist partially or exclusively in the gas phase due 
to their relatively high saturation vapor pressures 
(Pupp et al., 1974) .
4.2 Wet Deposition
Bulk deposition samples collected in this study 
should represent the sum of both wet plus dry deposition. 
This may not actually be the case; however, because 
quantitatively, dry deposition is very difficult to 
collect (Eisenreich et al., 1980). In an attempt to 
determine the contribution of wet and dry deposition, 
twelve wet and eleven dry deposition samples were col­
lected and analyzed.
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The hydrocarbon concentrations determined in wet 
deposition samples are reported in Table 2. Four samples 
were collected at Station 1 and eight at Station 2. 
Concentrations ranged from 3.02 to 167.93 ug/& with 
a mean of 5.13 and 47.28 vg/& for Stations 1 and 2, 
respectively. None of the wet deposition samples 
contained an unresolved complex mixture of hydrocarbons. 
The n-alkanes were the predominant hydrocarbons present 
in wet deposition samples. Although their concentrations 
were much lower than the bulk deposition samples, most 
samples showed an odd carbon predominance. This indi­
cated that the hydrocarbons present were primarily from 
biogenic sources. Figures 6 and 7 represent typical wet 
deposition samples from Stations 1 and 2, respectively. 
Note the absence of the UCM and the presence of the fewer 
resolved aromatic peaks at Station 1.
The hydrocarbon concentrations in wet deposition 
and bulk deposition samples are compared in Table 3. In 
several cases multiple events were collected in the wet 
deposition sample, thus the concentrations of two or more 
bulk deposition samples collected during the correspond­
ing time period must be added. In only three of these 
samples did wet deposition contribute greater than one 
half of the hydrocarbons to the bulk sample. Only one 
wet deposition sample showed a hydrocarbon concentration 
above 16 ug/£. This sample (1-55) contained 168 ug/£,
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Table 2. Resolved, unresolved and total hydrocarbon 





1-31 4.95 15.45 0.0 15.45
1-55 1.90 167.93 0.0 167.93
1-57 1.33 2.61 0.0 2.61
1-58 1.05 3.11 0.0 3.11
2-37 2.50 3.28 0.0 3.28
2-38 1 . 6 6 17.26 0.0 17.26
2-39 2.15 3.02 0.0 3.02
2-44 1.90 1.77 0.0 1.77
2-45 0.25 8.60 0.0 8.60
2-49 1.26 2.05 0.0 2.052-51 2.55 9.95 0.0 9.95
2-56 2.75 4.38 0.0 4.38
Number indicates station and sample number.
2Resolved, resolved hydrocarbon concentration. 
3UCM, unresolved hydrocarbon concentration.
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Fig. 6 . Gas chroma trograms of aliphatic (A) and 
aromatic (B) hydrocarbons in wet deposi­
tion (1-55). Chromatographic conditions 
are given in the text.
Note: IS, internal standards
23-33, n-alkanes 
F/G/H, PAH/ refer to Fig. 2.
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INCREASING TIME AND TEMPERATURE
Fig. 7. Gas chromatograms of hydrocarbons in wet deposi­
tion (2-49). Chromatographic conditions given 
in text. Note: IS, internal standards;
23-31, n-alkanes.





















Sample Bulk Deposition Wet Deposition Wet




16/9 - 7/13/81 J 
multiple events!
612.08 15.45
4/10 - 5/18/81 J 609.70 167.93 28
1-57 2/16/82] N.D. 2.61 N.D.
1-58 2/19/82] N.D. 3.11 N.D.
2-37 ’multiple events’] 
.8/10 - 8/24/81 J 25.44 3.28 13
2-38 9/10/81] 20.28 12.95 64
2-39 9/19/81] 5.01 3.02 60
2-44 ■multiple events'] 
.10/4 - 10/28/81J 38.89 1.77 5
2-45 11/16/81] 19.81 8.60 43
2-49 12/6/81] 20.74 2.05 10
2-51 12/19/81] 8.78 4.98 54
2-56 "multiple events! 
1/22 - 2/5/82 J 33.80 4.38 13
Mean Station 1 610.89 47.28* 29Mean Station 2 21.59 5.13
N.D., not determined because no corresponding sample.
* , may be influenced by one sample of very high concentration. ojVO
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but represented only 28% of the total hydrocarbon 
concentration of the corresponding bulk sample. The 
concentration was more than ten times the concentration 
of any other wet deposition sample collected. The mean 
wet hydrocarbon deposition rate represents only 29% of 
the corresponding bulk hydrocarbon deposition rate. Both 
bulk and wet deposition samples contained n-alkanes, but 
only the bulk samples contained a UCM. Therefore, dry 
deposition appears to be primarily responsible for the 
removal of the anthropogenic hydrocarbons.
4.3 Dry Deposition
Several dry deposition samples were analyzed to 
provide direct information on the importance of dry 
deposition as a removal mechanism for atmospheric hydro­
carbons. Total particulate concentrations and 
hydrocarbon deposition rates are presented in Table 4.
One additional sample was not included because the sample 
included materials rinsed from the sink with methanol 
and methylene chloride. This sample contained a large 
UCM, much greater than the other dry deposition samples. 
This may be an indication that not all of the particulate 
hydrocarbons were effectively "washed” from the sink into 
the collector by a rain event. This effect may have been 
most significant in cases of less intense precipication 
events. The particulate hydrocarbons collected in these































1 - 7/20/812 N.D. 318 N.D. 6
1 - 10/28/81 N.D. 177 N.D. 33
1 - 11/16/81 78 249 3.2 18
1 - 12/05/81 85 413 4.9 171 - 2/05/82 73 256 3.5 51
Mean Station 1 79 283 3.9 —
2 - 10/28/81 33 7 0.2 266
2 - 2/05/82 28 3 0.1 99
3 - 10/28/81 5 9 1.8 258
3 - 2/05/82 11 2 0.2 99
4 - 1/22/82 19 3 0.2 85
Mean Stations 2,3 &4 19 5 0.5 —
yg hydrocarbons per mg particulates. 
2Sample collected in sink.
N.D., not determined.
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samples may, therefore, be only a portion of those 
actually deposited. The results of this study may thus 
be an underestimate of the actual deposition rate.
The urban station indicated a mean total particulate 
deposition rate approximately four times that of the non- 
urban stations. Hydrocarbon dry deposition rates account 
for approximately 0.3-0.5% of the total particulate 
materials at the urban station and less than 0 .1 % at the 
non-urban stations. These results further indicate that 
the urban station has a local source of particulate 
material which contained hydrocarbons. Similar percent­
ages of hydrocarbons in total particulate matter have 
been reported for coastal and North Atlantic air samples 
(Ketseridis et al., 1976). Several factors may have 
contributed to the lower percentage of hydrocarbons in 
the non-urban environment. Visual observations indicated 
that larger size particles were most frequently present 
in samples from Station 1. The mass of the larger sized 
particulates may, therefore, represent the dominant weight 
fraction. Also, the resuspension of the smaller sized 
particles could have caused this discrepancy. The effi­
ciency of particulate collection may have been another 
factor. The bulk deposition samples were collected in 
large and shallow stainless steel sinks, whereas the dry 
deposition samples were collected in smaller and deeper 
polyethylene buckets (the polyethylene buckets indicated
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no contamination to the sample) . The dry deposition of 
organics attached to particulates onto any surface is 
dependent on the type of surface, wind speed, particulate 
size, concentration, and micro- and macrometeorology 
(Eisenreich et al., 1981). Dry deposition to a wet 
surface has been estimated to be several times greater 
than to a dry surface (Christensen et al., 1979). The 
hydrocarbon concentrations reported on a ug/mg basis 
are shown in Table 4 (p. 41). These values are within 
the range of concentrations reported for coastal partic­
ulate materials (Wade et al., 1982) and for highly 
polluted estuarine sediments (Van Vleet and Quinn, 1978; 
Kaizer et al., 1978; and Teal et al., 1978).
Hydrocarbon dry deposition rates between the urban 
and non-urban stations ranged over two orders of magnitude
(2-413 ug/m2/day). Mean dry deposition rates for these
2 2 stations were 283 yg/m /day and 5 yg/m /day. These
significant differences may have been due to the limited
amount of data or to the particulate size and composition.
The dominant particle size of atmospheric hydrocarbons
is very uncertain. Van Vaeck and Van Cauwenberghe (1978)
indicated that 30-70% of the particulate mass occurs on
size fractions less than 1 urn. Because of the larger
surface area/volume ratio smaller particulates may have
higher hydrocarbon concentrations. However, n-alkanes
and PAH were found to have a significant mass in the
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greater than 1 um diameter particles CVan Vaeck and 
Van Cauwenberghe, 1978; and Andren and Strand, 1981).
Since these particulates have higher deposition veloci­
ties, the flux of hydrocarbons may be dominated by the 
deposition of larger particulates. Thus, even though 
hydrocarbons may be concentrated on submicron particles 
most of their deposition may be associated with larger 
particulates.
The mean bulk deposition rates for the urban and 
non-urban stations, shown previously in Table 1 (p. 25), 
are 283 jjg/m2/day and 74 ug/m2/day, respectively. Both 
total particulate (Table 4, p. 41) and bulk hydrocarbon 
deposition values at the non-urban stations represented 
approximately one-fourth of that at the urban station. 
Although no determination was made of the mass of partic­
ulates, it was observed that, bulk deposition samples 
contained far more particulates than did wet deposition 
samples.
A comparison of the mean hydrocarbon bulk and dry 
deposition rates at Station 1 (Tables 1 and 4) shows 
that both have the same value of 283 ug/m2/day. Bulk 
deposition would normally be expected to be somewhat 
higher than dry deposition since it is the sum of both 
wet and dry deposition. Obtaining the same value for 
mean hydrocarbon deposition rates may be fortuitous 
because of the limited number of dry deposition samples;
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however, it does further substantiate the proposal that 
dry deposition is the dominant removal mechanism for 
atmospheric hydrocarbons. However, dry deposition rates 
at the non-urban stations only accounted for 7% of the 
bulk hydrocarbon deposition rate. This would indicate 
wet deposition to be the predominant removal mechanism.
The dry deposition samples from the non-urban stations 
were exposed for much longer periods (85-266 days) when 
compared to the non-urban station (6-51 days). Thus, 
there is the possibility of alteration of this material 
due to the long exposure time. Andren and Strand (1981) 
have indicated that wet deposition is the predominant 
removal mechanism for the PAH. However, these conclusions 
were drawn from model predictions of wet and dry deposi­
tion based on atmospheric particulate hydrocarbon 
concentrations and thus are not comparable to the results 
presented in this investigation. In order to more care­
fully characterize the contribution of wet and dry 
deposition more extensive data is necessary.
Another attempt to determine the extent of partic­
ulate hydrocarbon deposition was to determine the 
percentage of hydrocarbons associated with particulates 
in bulk deposition samples. Eleven bulk deposition 
samples were filtered and both particulate and dissolved 
fractions analyzed separately. An average of 82% of the 
hydrocarbons were found to be associated with particulates
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(Table 5). The association of hydrocarbons with partic­
ulates in these samples may have been due to their low 
solubility and hydrophobic nature. Samples which indi­
cated larger amounts of hydrocarbons in the dissolved 
fraction generally contained higher concentrations of 
total hydrocarbons (yg). These results are consistent 
with results for municipal effluents, where greater than 
90% of the hydrocarbons were associated with particulates 
(Brown, 1982; and Van Vleet and Quinn, 1977).
Degradation of hydrocarbons takes place primarily 
by two processes; physical oxidation and biological 
reduction. The physical oxidation process includes photo' 
oxidation, or oxidation with ozone, chlorine compounds, 
nitrogen, and/or sulphur oxides. Photooxidation and 
reactions with the normal trace gases present do not 
appear to be important decomposition processes for the 
n-alkanes (Eichmann et al., 1980). Reaction with the 
atmospheric OH radical may, however, be significant 
(Levine and Gradel, 1981). Assuming this to be the major 
reduction process, by knowing the atmospheric OH concen­
tration and equilibrium constants the atmospheric 
residence time can be calculated. Eichmann et al. (1980) 
have calculated an n-alkane residence time to be approxi­
mately 4-5 days. Conversely, photooxidation may be the 
major decomposition reaction for the PAH. Thomas et al. 
(1968) reported 60% degradation of benzo(a)pyrene within
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Table 5. Particulate and dissolved hydrocarbon percent­










1 - 1 1 95 5 36.65
1-13 85 15 56.14
1-14 88 12 33.57
1-51 97 3 36.80
1-52 1 0 0 0 19.09
1-54 68 32 165.56
3-13 61 39 40.85
3-51 . 98 2 8.35
4-11 83 17 9.01
4-13 49 51 217.49
4-14 78 22 9.97
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40 minutes in the sunlight. In contrast, PAH adsorbed 
onto particulates were shown to have lifetimes of weeks 
rather than hours or days if photooxidation does not occur 
(Butler and Crossley, 1981). Under such conditions, long 
distance transport may be possible as suggested by Bjorseth 
et al. (1979). Korfmacher et al. (1981) suggested that 
certain PAH are oxidized in the absence of light and most 
likely due to nitrogen or sulphur oxides. Although few 
studies have actually determined the rate or extent of 
PAH degradation under natural conditions, the presence 
of PAH in bulk and dry deposition samples, shown in this 
investigation, has indicated that substantial concentra­
tions were present despite any degradation which may have 
occurred.
A comparison of the chromatograms (Figs. 4, 5 [pp. 30 
and 32], 8 and 9) indicated that in most cases the compo­
sition of dry deposition samples appeared very similar to 
bulk deposition samples. For example, all dry deposition 
samples at Station 1 contained numerous PAH, n-alkanes, 
and UCM. These constituents were also observed in the 
majority of the bulk deposition samples at this station. 
Both dry and bulk deposition samples at Stations 2, 3, and 
4 contained, among the resolved components, the n-alkanes 
and a UCM. The dry deposition samples also showed an odd 
carbon predominance very similar to that in bulk deposi­
tion samples. The gas chromatograms of dry deposition
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Fig. 8 . Gas chromatograms of aliphatic and
aromatic hydrocarbons in dry deposition 
at Station 1 (1-10/28/81). Chromato­
graphic conditions given in text.
Note: IS, internal standards
16-31, n-alkanes 
G-P, PAH as given in Fig. 2.
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Fig. 9. Gas chromatograms of hydrocarbons in 
dry deposition samples at Stations 2 
and 3.
Note: IS, internal standards
23-31, n-alkanes
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samples, 1-10/28/81, 2-10/28/81, and 3-10/28/81 are shown 
in Figures 8 and 9 (pp. 49 and 50). These chromatograms 
along with the data in Tables 3, 4, and 5 (pp. 39, 41, 
and 47) have indicated that both the quantitative and 
qualitative composition of dry deposition samples usually 
closely resembled the hydrocarbon composition of bulk 
deposition samples.
4.4 Washout by Precipitation
Washout ratios were determined from the concentra­
tion of hydrocarbons in wet deposition samples and in 
air samples and are shown in Table 6 . The washout ratio 
(Wr) was determined by dividing the concentration of 
hydrocarbons in rain (ug/kg) by the concentration in 
air (yg/m3), where the density of air was assumed to 
be 1.2 kg/m3. The hydrocarbon concentration in the air 
was determined by high volume air samples which consisted 
of the hydrocarbons collected on a glass fiber filter 
and three polyurethane foam plugs. Several air samples 
were collected at Station 1 from July 1981 thru January 
1982 and two air samples were collected at Station 2, one 
in September 1981 and one in February 1982. Since the 
air samples at Station 1 do not correspond to any partic­
ular rain event a mean value was used to estimate the 
approximate ambient hydrocarbon concentration. Total 
hydrocarbon concentrations in air and wet deposition
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9/10/81 4.36 17.26 4.0
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♦Concentration may be high due to one sample of very 
high concentration.
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samples are shown in Table 6 (p. 52). Total hydrocarbons 
(gaseous and particulate) concentrations, ci2“c3 3 ' f°r 
these samples ranged from 2.93 to 5.79 yg.m^ (Farmer, 
unpublished data). Hydrocarbon concentrations in wet 
deposition were 4.38 and 17.26 yg/£ at Station 2 and 
a mean of 47.28 yg/£ at Station 1 (the mean at Staion 1 
may be exceptionally high due to one sample of high 
concentration). Calculated WR for these samples were
1.4, 4.Of and 8 .8 . Washout values have been determined
for certain high molecular weight organochlorines 
(Bidleman and Christensen, 1979), pesticides (Atkins 
and Eggleton, 1971), PCB's (Murphy and Rzeszutko, 1978), 
and trace metals (Pierson et al., 1973); however, no 
values have been reported for hydrocarbons. Small values 
of WR indicate that the substance is not significantly 
removed by precipiation scavenging (Eisenreich et al., 
1980). W R is, of course, dependent on a number of 
factors, including particle size, chemical composition, 
vertical concentration and distribution of the particles, 
verticle extent of the precipitating cloud, etc.
Bidleman and Christensen (1979) and Atkins and Eggleton 
(1971) reported values for WR for chlorinated hydro­
carbons which ranged from 10 to 300 and 2 to 65, 
respectively. Although the accuracy of these calculations 
is uncertain, the small WR calculated indicated that 
precipitation is ineffective in removing hydrocarbons.
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The similarity of the hydrocarbons in bulk and dry 
deposition, the small concentration of hydrocarbon in 
wet deposition, the large percentage of hydrocarbons 
associated with particulates, the small washout ratio, 
and the larger sized particulates in bulk deposition 
samples all indicated that dry deposition is the major 
mechanism for the removal of non-volative, high molecular 
weight atmospheric hydrocarbons.
4.5 Hydrocarbon Deposition Rates and Speciation
Because dry deposition is the major contributor
of hydrocarbons to bulk deposition samples, deposition 
orates (yg/m /day) were calculated to give a better 
representation of the temporal and spatial distribution 
of hydrocarbon deposition. Hydrocarbon deposition rates 
were determined for all bulk deposition samples and are 
reported in Appendix B. Bulk deposition rates are plotted 
versus collection dates in Figures 10 and 11. These 
plots reveal a high degree of variability, similar to 
Figures 2 and 3 (pp. 27 and 29), with no clear trends
evident. Ranges for the urban and non-urban stations
2 2 were 24 to 3642 yg/m /day (one sample > 800 yg/m /day)
2and 5 to 326 yg/m /day, respectively (Table 1, p. 25). 
Deposition rates were generally several times greater at 
the urban station than at the non-urban stations. This 
may be attirubted to the larger particulate load in the
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Fig. 10. Bulk hydrocarbon deposition rates (yg/xn2/day) 
versus collection dates at Station 1.
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11. Bulk hydrocarbon deposition rates (yg/in2/day) 
versus collection dates at Station 2 (x), 
Station 3 (+), and Station 4 (0).
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urban atmosphere. Mean values for total hydrocarbon,
UCM, n-alkane, and PAH deposition rates and percentages 
are summarized in Table 7. The entire data set is 
contained in Appendixes B, E, F, and G. The UCM repre­
sented between 36 and 49% of the total hydrocarbons 
present. These values indicated that significant 
anthropogenic inputs were present at all stations. The 
n-alkanes accounted for 12 to 25% of the total hydro­
carbons present and were very similar in composition and 
concentration and therefore may have had a common source. 
Generally, only samples from Station 1 contained measur­
able concentrations of PAH. The calculated mean PAH 
deposition rates for 18 samples was 39 ug/m /day. One 
sample of very high concentration (1-33) was not included 
in this calculation. Its inclusion would have caused 
the deposition rate to have doubled. This value repre­
sented 14% of the mean total hydrocarbon deposition. 
Successive samples have sometimes shown extreme variabil­
ity in PAH, n-alkane, and total hydrocarbon concentration 
which indicated that hydrocarbon inputs may have been 
very sporatic and dependent on sources, distance from 
source, degradation processes, meteorological conditions, 
etc.
The most predominant PAH identified in almost all 
samples at Station 1 were phenanthrene, fluoranthene, and 
pyrene. These compounds are the most abundant PAH in

















Table 7. Mean deposition rates 
age of total).













1 283 139 (49%) 34 (12%) 39 (14%)
2 62 28 (45%) 15 (25%) N.D. 3
3 78 36 (46%) 19 (25%) N.D.
4 79 28 (36%) 14 (18%) N.D.
UCM, unresolved complex mixture 





diesel exhaust (Reckner et al., 1965) and petroleum 
combustion effluent (Guerin, 1978). Therefore, they 
would appear to be likely at the urban station due to 
the large amount of traffic passing near this station 
as well as local industries. Numerous PAH have been 
identified in both urban areas (Kertesz-Saringer and 
Morlin, 1975; Raymond and Guiochon, 1974; Broddin et al., 
1980; and Thrane and Mikalsen, 1981) and in non-urban 
areas (Cautreels et al., 1977; Daisey et al., 1981; and 
Andren and Strand, 1981). The most predominant species 
identified in these investigations included pyrene, 
anthracene, fluoranthene, benzo(a)anthracene, chrysene 
and the benzofluoranthrenes. Suess (1976) suggested 
that due to concentrated industrial activities and trans­
portation, PAH concentrations in the urban atmosphere 
may be up to 1 0 0 times higher than background levels. 
Stoker and Seager (1976) estimated that 90% of the PAH 
emissions in the United States are due to coal combustion 
processes. The mechanism of PAH formation has been shown 
by Badger (1962) to be a complex series of free radical 
reactions at high temperatures. Many of the PAH are 
known to be mutagenic and carcinogenic to animals and 
probably to man (NAS, 1972). Benzo(a)pyrene has been the 
most extensively studied PAH. This compound is a promi­
nent constituent of most combustion processes and is a 
potent carcinogen (NAS, 1972); and Levin et al., 1978). 
Very limited data has been collected concerning the
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emissions or effects of the other PAH. Further knowledge 
is needed on the distribution of the PAH so that more 
accurate global estimates of their significance and 
ultimate fate can be made.
Normal alkanes were the most predominant aliphatic 
hydrocarbon species present and were present in all 
samples (wet,. dry, and bulk deposition). The majority 
(>95%) of the samples exhibited an alternating pattern 
with higher concentrations for the odd numbered n-alkanes. 
Figure 12 is a chromatogram showing the typical components 
found in samples from the non-urban stations during the 
summer months. The n-alkanes represented 36 and 47% of 
the total hydrocarbons in samples 4-21 and 2-22, respec­
tively. The UCM was very small in most samples from the 
non-urban stations in the summer. In other samples the 
n-alkanes were found to represent as little as 2% or as 
much as 77% of the hydrocarbons present. The percentage 
contribution of the n-alkanes for each sample are reported 
in Appendix E. Figure 13 shows the total hydrocarbon 
fraction of sample 4-45 in which the n-alkanes are 
virtually the only compounds present. The odd numbered 
n-alkanes, particularly in the range C2 3-C3 3 , are mucil 
more predominant than the even numbered homologs. The 
odd-even ratio (defined as the sum of the odd n-alkanes 
C2 3-C31 divided by the sum of the concentration of the 
even numbered n-alkanes c24"c32^ ^or samples was
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Fig. 12. Gas chromatograms of hydrocarbons in 
bulk deposition at Stations 2 and 4.
Note: IS, internal standards
21-33, n-alkanes
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Fig. 13. Gas chromatograms of hydrocarbons in bulk
deposition (4-45). Chromatographic conditions given in text.
Note: IS, internal standards
23-33, n-alkanes
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determined to be 3.9. The odd/even ratio is an indica­
tion of the contribution of recent biogenic materials 
(Simoneit, 1977). The ratio tends to decrease with the 
maturity of sedimentary matter, thus crude oils exhibit a 
ratio near unity while recent biogenic materials usually 
exhibit a ratio much greater than one (Cooper and Bray, 
1963). Simoneit et al. (1977) reported odd/even ratios 
ranging from 1.4 to 10.2 for n-alkanes in aeolian 
dusts over the Eastern Atlantic Ocean. Similarly Gagosian 
et al. (1981) reported odd/even ratios ranging from 2.2 
to 4.0 for five atmospheric aerosol samples collected 
at Enewetak Atoll, Marshall Islands. Tables 1 thru 5 in 
Appendix E contain the odd-even ratio and the predominant 
n-alkane for bulk deposition samples. The odd/even ratio 
of these samples ranged from 0.85 to 7.6. Hydrocarbons 
in samples which exhibited a large odd-even ratio and 
have no UCM were predominantly of biogenic origin. 
Alternatively, samples which indicated an odd/even ratio 
near one as well as a UCM, appeared to contain predomi­
nantly anthropogenic hydrocarbons. The predominant 
n-alkane in most cases was usually C2 5 / C2 7 / or C2 9 ; 
however, C23 and C24 became dominant where the ratio 
was near one. The larger values for odd/even ratio 
generally occurred in samples collected during the spring 
and s;immer months. The lowest percentage of n-alkanes 
were typically found in samples collected in the winter 
months. The large proportion of n-alkanes and the
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odd/even ratio greater than one in most samples indicated 
that biogenic sources are important constituents of 
atmospheric hydrocarbon deposition.
Eglinton and Hamilton (1963) state that alkanes 
containing an odd number of carbon atoms predominate in 
nearly all plants, and the normal alkanes in the range 
C2 5-C33 are the most commonly encountered. Long chain 
n-alkanes and internally branched alkanes have also been 
identified as major constituents in insect cuticles 
(Jackson and Bloomquist, 1976; and Lockey, 1980) and 
fungal spores (Baker and Strobel, 1965). The distribution 
of both fungal spore and insect cuticular alkanes is very 
similar to that of higher plants with the odd carbons, 
particularly C2 5 , C2 7 , C29 and 0 3^, being the most 
dominant (Oro et al., 1966; and Weete, 1976). Paraffinic 
hydrocarbons have also been reported present in bacteria 
(Albro, 1976), mammalian waxes (Downing, 1976), bird 
waxes (Jacob, 1976), and marine waxes (Sargent et al., 
1976).
Pollen was frequently observed in samples collected 
during the spring. This was first noted in all samples 
collected on April 15, 1981. These samples (set 15) 
showed odd/even ratios from two to six. The n-alkanes 
distribution in the samples was dominated by C2 5 / ^27' 
and C29 * Insects were also collected in several samples 
during the course of this investigation. These included
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ants, crickets, gnats, bees, and a spider. No attempt 
was made to remove the insects prior to the analysis. 
Therefore, the distribution of n-alkanes in bulk deposi­
tion samples may have been partially due to the presence 
of plant or animal waxes.
To determine the speciation of hydrocarbons in pollen 
and in insect cuticles similar to those which may have 
been present in the samples, one sample of plant flowers 
(Koelreuteria paniculata) and one sample containing six 
wasps and one cricket were analyzed. These samples were 
crushed and extracted with methylene chloride and the 
extract carried through the procedure described earlier 
for deposition samples. The percentages of C23 to C33 
n-alkanes extracted from plant waxes and insect cuticles 
are given in Table 8 . The plant waxes in this sample 
consisted mainly of n-C2 9 and 11-0 3 ^ (6 8% of the total),
while n-C25, n-C27, n-C2g, and n-C21 comprised only
41% of the total hydrocarbons extracted from the insect 
cuticles. The odd/even ratio for these materials was 
also much higher than those determined in bulk deposition 
samples. The chromatograms of these two samples are 
shown in Figure 14. Both the plant waxes and the insect 
cuticles showed a distinct odd carbon predominance with 
slightly different distributions. Wade and Quinn (1979) 
have determined the n-alkane distribution of pine pollen 
and found that C22 and C2g represented 70% of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
Table 8 . Percentages of n-alkanes in Koelreuteria 














31 33.9 1 2 . 1
32 1.4 1.2
33 6.2 7.0
Odd/Even Ratio 18.2 13.5
*Insects, six wasps and a cricket
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Fig. 14. Gas chromatograms of Koelreuteria
paniculata (A) and insect cuticles (B). 
Chromatographic conditions given in 
text.
Note: IS, internal standard
23-33, n-alkanes
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n-alkanes present. The distribution of the n-alkanes in 
these samples suggested that plant and insect waxes may 
be important sources of the alkanes in atmospheric deposi­
tion. The biogenic hydrocarbons with a high odd/even 
ratio and the anthropogenic hydrocarbons with a ratio 
near one would combine to give a value similar to those 
determined in bulk deposition samples.
The hydrocarbons collected in bulk atmospheric 
deposition can include a combination of materials from 
distant, local, biogenic and/or anthropogenic sources.
In order to look at possible seasonal trends, mean seasonal 
depositional rates were calculated for the UCM, the 
n-alkanes, and the PAH (Station 1 only), which in turn 
provided information on anthropogenic and biogenic sources. 
Because of the significantly different sources (urban and 
non-urban), seasonal deposition rates at Station 1 and 
Stations 2, 3, and 4 are shown separately in Figures 15 
and 16, respectively. These figures show high concentra­
tions of UCM for all seasons at Station 1 and only in the 
winter at the non-urban stations. The PAH show distinct 
seasonal trends for the summer, fall, and winter months.
PAH levels in the winter samples were over three times 
those collected in the summer. However, the more intense 
sunlight and higher temperatures in the summer may have 
caused increased photochemical oxidization of the PAH and 
thus reduced their concentration. Both the UCM and the
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Fig. 15. Mean seasonal deposition rates (yg/m2/day) 
for bulk deposition at Station 1.
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Fig. 16. Mean seasonal deposition rates
(yg/m^/day) for bulk deposition at 
the non-urban stations.
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PAH are a result of anthropogenic sources. Increased 
hydrocarbon emissions in the winter are likely due to 
the combustion of fossil fuel for home heating and may 
be elevated at other seasons in the urban environment 
due to the greater pollutant burden. Pollutant accumu­
lation due to air stagnation may also contribute to 
increased hydrocarbon levels in the winter months.
The n-alkanes also showed very evident seasonal trends. 
Minimum deposition was observed during the winter 
months with a significant increase through the spring 
and summer before a decrease again in late fall. This 
increase is most likely a result of enhanced plant growth 
and the release of pollen, spores, and plant waxes.
Coffey and Westburg (1977) also indicated increased 
biogenic hydrocarbon emissions during the growing season. 
These figures have shown that seasonal trends can be 
observed in some of the constituent hydrocarbon species 
which are obscure in concentration of the total hydro­
carbon.
4.6 Flux to Chesapeake Bay
One of the initial objectives of this project was to 
determine the atmospheric loading of hydrocarbons and 
estimate the annual aerial input into Chesapeake Bay. The 
total drainage basin of the Bay extends over portions of
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six states and encompasses approximately 64,900 square 
miles (Wohlman, 1968) . Figure 17 shows the drainage basin 
of the entire Chesapeake Bay and approximate fresh water 
contribution of its major tributaries. This region is 
near and downwind of regions of significant inputs of 
anthropogenic materials. Typical eastward moving meteor­
ological systems often distribute contaminated air across 
this area. This long range transport of -anthropogenic 
hydrocarbons as well as local inputs are responsible for 
the hydrocarbons collected in bulk deposition samples. 
Therefore, it is not surprising that the aerial input may 
be a significant source of hydrocarbon pollution to the 
Bay.
Deposition, particularly anthropogenic inputs, might 
be expected to be greatest in the southern portion of the 
Bay due to the large population center located there. 
Inputs from distant sources would be dependent on meteor­
ological conditions and would be greatest downwind of 
industrial areas. In addition, the forest canopy over 
large areas of the northern and western portions of the 
basin may scavenge particulates which would in the 
southern basin be more easily transported into the Bay.
The ecological effects of chronic hydrocarbon inputs 
are well known (Bosch, 1973; and IMCO, 1973). Hydro­
carbons have been shown to exhibit sublethal effects on 
many marine species, particularly the phytoplankton and




vm o iiv tA  y
\  POTOMAC V
JAMES
Fig. 17. Chesapeake Bay drainage basin showing 
sub-basins and approximate freshwater 
contribution by major tributaries. 
(Adapted from Hargis, 1981)
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larvae, which may in turn affect species composition, 
natality, mortality, and dispersal as well as the age 
structure and spatial patterns (NAS, 1975). Other sub- 
lethal effects include changes in physiology, histology, 
and behavior. The initial impact of chronic inputs may 
be less subtle; however, the modification of the marine 
ecosystem by long term pollution can cause the elimina­
tion of species and lead to decreased fisheries resources. 
Other detrimental effects of hydrocarbons on marine biota 
are too numerous to discuss here and can be found else­
where (NAS, 1975). Thus, the chronic input of hydrocarbons 
to the Chesapeake Bay Estuary from atmospheric deposition 
should be determined in order to assess its importance 
when compared to other sources of anthropogenic hydro­
carbons inputs.
For a first approximation, the mean deposition rate
of the non-urban stations was assumed to be representative
of deposition over most of the area of the drainage basin.
Calculations based on a mean deposition rate of
74 yg/m /day over the area of the drainage basin,
11 21.68 x 10 m , indicated an annual atmospheric input 
to be approximately 4,500 metric tons annually (MTA) .
The surface area of the waters of the Bay (including 
tributaries) are only approximately 7%, of the area of 
the drainage basin of the Bay, or 1.15 x 1010 m2 . Bulk 
deposition is suspected to underestimate dry fluxes to
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a water surface by 2 to 10 times (Eisenreich, 1980).
Thus any estimates of aerial flux can at best be consid­
ered a minimum. Calculations based on the mean deposition 
rate, 74 yg/m /day, resulted in an atmospheric input 
to the bay waters of over 310 MTA. The anthropogenic 
hydrocarbons would comprise at least 40% of these values.
Since no published data were found to indicate the 
relative contribution of other inputs of hydrocarbons to 
Chesapeake Bay, these estimates appear to be the first 
assessment of the annual atmospheric hydrocarbon flux to 
lower Chesapeake Bay. Estimates of the contribution of 
the atmospheric input of petroleum hydrocarbons to the 
oceans ranged from 0.6 to 9.0 million metric tons 
annually (NAS, 1975; and SCEP, 1970). Other major path­
ways by which hydrocarbons enter the Bay include urban 
runoff, industrial and municipal effluents, and marine 
transportation. Chronic anthropogenic sources appear to 
be responsible for these inputs and are largely intro­
duced in coastal areas where environmental concerns are 
the greatest. Urban runoff has been shown to be the 
major source of hydrocarbon pollution to the Delaware 
Estuary (Whipple and Hunter, 1979), the Los Angeles River 
(Eganhouse and Kaplan, 1981), and Narragansett Bay (Hoffman, 
1982). Domestic wastewater effluents have been estimated 
to account for up to 5% of the total hydrocarbons entering 
the oceans. Unfortunately, no estimates of the magnitude
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of such effluents to the Chesapeake Bay could be found. 
However, in a preliminary investigation of the hydro­
carbons in wastewater effluents from one plant on the 
lower Chesapeake Bay, a mean concentration of 100 yg/i 
was determined (Brown, 1982). This plant has a discharge 
of approximately 23 million gallons/day and serves a 
population of 175,000 people (F. Snyder, Hampton Roads 
Sanitation District, personal communication). An esti­
mated annual hydrocarbon input of 3 tons/year has been 
determined for the Chesapeake Elizabeth Sewage Treatment 
Plant, Virginia Beach, Virginia (Brown, 1982) . This 
gives a per capita input of 0.0000171 tons/year from this 
discharge. This value is several orders of magnitude 
less than other values for municipal wastewater from 
Southern California— 0.0292 (Storrs, 1973); Philadelphia—  
0.0177 (Charter et al., 1973), and Narragansett Bay—  
0.000735 (Can Vleet and Quinn, 1978). This estimate is 
low possibly because the effluents discharged include 
very little industrial wastes. Using a per capita input 
of 0.0000171 ton/person/year and the approximate population 
of the persons living within the boundary of the drainage 
basin (17 million) an estimate of 300 metric tons/year 
of hydrocarbons entering the Bay through municipal 
wastewater discharge is obtained. The inclusion of indus­
trial discharge would cause this estimate to be increased, 
thus the input may be several times greater. The uncer­
tainty in this number is high due to the limited data
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as well as the uncertainty in the actual hydrocarbon 
concentrations or volumes of effluent discharged. How­
ever, in any such estimates based on mean concentrations 
for effluents, runoff, or deposition, a high degree of 
uncertainty always exists. Also wastewater discharge is 
continuous and constant, whereas atmospheric deposition 
may not be. These simplistic calculations have indicated, 
despite a high degree of uncertainty, that aerial deposi­
tion is of the same order of magnitude as inputs from 
wastewater treatment plants.
4.7 Fatty Acids
The results of this investigation have shown that 
hydrocarbons are important constituents of atmospheric 
deposition. Information is also available for certain 
pesticides and PCB's but little is known about the atmos­
pheric deposition of other organics. A wide range of 
organics including phthalates, fatty acids, alcohols, 
organochlorines, and synthetic organics have been identi­
fied in the air and thus are suspected to be present in 
wet and dry deposition. In an effort to identify some 
of these other organics which might be present in bulk 
atmospheric deposition, the more polar fraction of several 
samples was investigated. Fatty acids were found to be 
one significant group present and the alcohols, particu­
larly cholesterol, was also identified in some samples.
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The fatty acids were found to be dominated by even 
carbon numbered compounds. The concentration of fatty 
acids are compared to the concentration of hydrocarbons 
in Table 9. The major constituents present were ci4;0'
C16:0' C16:l' C18:0' c13:l' *** c18:2 (fatty acids are
designated by chain lengthinumber of double bonds).
Deposition rates for fatty acids appeared very similar
to those determined for hydrocarbons in corresponding
samples. The total fatty acid content of these samples
ranged from 26 to 79 vg/m^/day. Fatty acids of even
number carbons are the major constituents of plant and
animal waves (Kolattukudy, 1976). A typical chromatogram
with the major fatty acid labeled is presented in
Figure 18. The distribution of fatty acids in these
samples are indicative of a biogenic source (Simoneit,
1980).
Other studies have indicated fatty acids to be 
important constituents of air samples (Ketseridis et al., 
1976; Cautreels and Van Cauwenberghe, 1978; and Gagosian 
et al., 1981) and in atmospheric deposition (Simoneit 
et al., 1977; Matsumo and Hanya, 1980; and Meyers and 
Hites, 1982). Each of the studies have also concluded 
that the major sources of fatty acids appeared to be plant 
and animal waxes.





























C14:0 C15:0 C16:1 C16:0 C18:2 C18:1 C18:0
1-41 26.63 24.05 6.0 1.4 10.8 42.8 5.9 18.9 14.2
2-41 32.44 24.01 10.1 1.9 9.9 43.5 0 16.3 18.3
2-41 Wet N/A N/A 5.4 3.0 8.1 31.5 0 35.1 16.9
3-41 74.31 60.85 9.8 1.2 2.9 43.4 0 21.4 21.3
4-41 58.22 60.13 6.1 1.2 3.2 43.3 0 29.9 16.3
1-43* 79.40 103.88 3.1 0 50.5 46.4 0 0 0
N/A, not applicable.
Wet, wet deposition sample.
*' c18*0 an(* c20*5 m a y be Present» however, not included in these values.
• '4
VO
Fig. 18. Gas chromatograms of fatty acids in bulk 
deposition. Chromatographic conditions 
given in the text.
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4.8 Organic Carbon
Total organic carbon (TOC) has also been determined 
for numerous samples and concentrations are reported in 
Appendix H. The TOC values of wet and bulk deposition 
samples ranged from 0.67 to 20.60 m g / % and 0.77 to 
21.20 m g / % with means of 6.12 and 9.46 mg/i, respec­
tively. These values are in good agreement with the 
results of other investigations of TOC in rainwater and 
bulk deposition (Neumann et al., 1959; Ogura and igarashi, 
1978; Hoffman et al., 1980; Liljestrand and Morgan, 1981; 
and Matsumoto and Hanya, 1980). Concentrations in these 
studies ranged from 3.1 to 6.6 mg C/% for wet deposi- 
tion and from 5 to 17 mg/m /day for bulk deposition.
The results of samples in this investigation have indicated 
that only approximately one-third of the TOC in bulk 
samples was due to dry deposition. This is contrary to 
the findings that dry deposition is the major removal 
mechanism for high molecular weight hydrocarbons. However, 
hydrocarbons comprise only a very small portion of the TOC. 
Comparing the mean hydrocarbon concentration to TOC con­
centration (yg/i) in bulk deposition samples indicated 
that hydrocarbons represented approximately 0.5% of the 
total organic carbon in bulk atmospheric deposition. 
Therefore, the addition of anthropogenic hydrocarbons to 
the atmosphere does not significantly effect the concen­
tration of TOC.
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Due to the extremely complex nature of the organic 
compounds in the atmosphere, the analysis of TOC can be 
•used as a preliminary indication of the total amount of 
organics present. Much more extensive measurements will 
be necessary to further characterize the composition of 
the organics present in atmospheric deposition.
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Chapter 5
SUMMARY AND CONCLUSIONS
This investigation has been an extensive attempt to 
delineate the composition and the magnitude of atmospheric 
hydrocarbon deposition to.Chesapeake Bay. Hydrocarbon 
concentrations have been determined in bulk, wet, and dry 
deposition samples from urban and non-urban locations.
The mean hydrocarbon concentration in bulk deposition was 
over three times greater at the urban station indicating 
a localized source of hydrocarbons at this station. The 
major hydrocarbons present at all stations were the 
n-alkanes and the unresolved complex mixture (UCM). In 
addition, polycyclic aromatic hydrocarbons (PAH) were 
found in significant concentrations at Station 1. In 
most samples the aliphatic hydrocarbon series showed an 
alternating pattern with higher concentration for the odd 
numbered n-alkanes in the range C23“C33* This distribu­
tion is similar to those of pollens (Nilsson et al., 1957), 
higher plant waxes (Eglinton and Hamilton, 1963), insect 
waxes (Lockey, 1980), and fungi (Oro et al., 1966). The 
aromatics represented approximately 50% of the total 
hydrocarbons in the urban environment and approximately
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
28% in the non-urban environment. The PAH represent a 
substantial percentage of the aromatic fraction at 
Station 1. The UCM at all stations was found to represent 
from 36-49% of the total hydrocarbons/ thus significant 
anthropogenic inputs were demonstrated at all stations.
The concentration of hydrocarbons in bulk deposition 
samples showed no significant correlation to the volume 
of precipitation collected.
Wet deposition samples contained less than 30% of 
the hydrocarbons collected in corresponding bulk deposi­
tion samples, thus suggesting that dry deposition is 
responsible for the major portion of hydrocarbons in bulk 
atmospheric deposition. The urban particulate load was 
found to be several times that of the non-urban atmosphere. 
Visual observations indicated that large size particulates 
were collected frequently at the urban station but only 
rarely at the non-urban stations. This may be attributed 
to the proximity of local sources. The majority (>80%) 
of the hydrocarbons in bulk deposition samples were found 
to be associated with particulates. By the comparison of 
the hydrocarbon concentration in rain to the ambient air, 
a washout ratio has been determined. The small washout 
ratio calculated indicated that precipitation is ineffec­
tive in removing hydrocarbons from the air. Seasonal 
trends appeared quite evident for the n-alkanes, the PAH, 
and the UCM. Both the PAH and the UCM showed increased
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levels in the winter months. These increases were 
atributed to the increased combustion of fossil fuels for 
home heating. The n-alkanes showed an opposite trend 
with increases in the spring and summer months. This 
was suspected to be due to increased plant growth and the 
subsequent release of plant waxes.
Several dry deposition samples were analyzed and the 
results indicated that both the quantitative and the 
qualitative composition appears very similar to that of 
the bulk deposition samples. Hydrocarbons were found to 
represent less tha 1% of the total particulate material 
in these samples. The present capabilities to collect 
dry deposition in a practical, yet accurate, manner are 
inadequate (Kerr, 1981). The concentrations reported in 
this study are, therefore, probably only a fraction of the 
actual amount.
Reported here is the first assessment of the annual 
atmospheric flux of hydrocarbons into Chesapeake Bay. 
Estimates of hydrocarbons entering the Bay through atmos­
pheric deposition appear to be on the same order of 
magnitude as those added through municipal wastewater 
discharge. Therefore, aerial deposition appears to be a 
significant sources of hydrocarbons to the Chesapeake Bay.
A preliminary investigation of the fatty acids and 
the total organic carbon has also been made. The fatty
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acids identified appeared to be from biogenic sources.
The hydrocarbons in bulk deposition were only a small 
fraction (=0.5%) of the total organic carbon concentra­
tion. The total organic carbon in bulk deposition samples 
consisted of 65% from wet deposition and 35% from dry 
deposition processes.
This study has indicated that atmospheric deposition 
of hydrocarbons occurs predominantly in the form of dry 
deposition. Determination of dry deposition is a diffi­
cult task at best. The estimates of the actual hydrocarbon 
deposition rates are therefore minimum values. From the 
paucity of data concerning hydrocarbons in atmospheric 
deposition it is apparent that additional studies are 
necessary to more fully assess the mechanisms of dry 
deposition, as well as the particulate size fractions and 
the actual dry deposition rates.
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REFERENCE STANDARDS AND A TYPICAL BLANK
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Fig. A-1. Gas chromatograms on aliphatic and 
polycyclic aromatic hydrocarbon 
reference standards chromatographic 
conditions: 80-300°C at 10°C/min.
Note: 12-34, n-alkanes












































INCREASING TIME AND TEMPERATURE
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Table B-l. Hydrocarbon concentrations in balk atmospheric deposition.











0 41 59 65.06 N.D.
00 32 68 239.29 N.D.
2 44 56 53.40 203
6 19 81 130.08 150
7 52 48 116.71 133
8 29 71 79.82 130
10 54 46 11.21 78
11 47 53 34.65 31
13 38 62 56.14 114
14 89 11 33.57 74
15 54 46 207.32 90
16 64 36 122.34 139
17 48 52 52.10 283
18 46 54 77.99 254
20 62 38 149.95 107
21 38 62 88.34 240
22 45 55 36.08 173
22B 60 40 59.87 225
23 65 35 26. 81 166
23B 86 14 32.43 187
25 70 30 301.89 158
27 59 41 248.16 313
28 38 62 37.92 778
N.D. Not determined because exposure time unknown 
B} Duplicate samples collected in stainless steel bucket
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Table B-2. Hydrocarbon concentrations in balk atmospheric deposition.







Total Deposition Rate 
(uc/1) (ua/m2/day)
30 100 0 24.02 254
32 70 30 63.01 94
33 62 38 360.50 3,642
35 49 51 86.95 172
36 69 31 124.16 627
37 60 40 34.70 195
38 38 62 48.72 571
39 59 41 23.20 24
42 51 49 98.13 144
43 56 44 343.44 104
44 35 65 47.51 186
45 45 55 249.13 180
46 45 55 56.50 653
47 62 38 399.86 223
48 26 74 127.96 576
49 40 60 273.89 268
50 21 79 38.36 375
51 66 34 81.55 177
52 43 57 56.72 177
53 38 62 66.53 127
54 31 69 165.56 135
56 40 60 97.86 223
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Table B-3. Hydrocarbon concentrations in bulk atmospheric deposition.











8 11 89 39.95 111
IS 78 22 22.82 25
16 68 32 12.20 29
18 65 35 35.97 32
20 62 38 41.70 76
21 73 22 15.72 53
22 52 38 13.43 39
23 100 0 5.15 31
25 38 62 92.58 245
29 42 58 33.56 80
30 100 0 19.18 258
35 48 52 11.68 71
37 48 52 13.76 54
38 32 68 20.28 35
39 40 60 5.01 21
42 50 50 28.55 14
44 50 50 10.34 20
45 56 44 19.81 13
49 39 61 20.74 30
51 54 46 8.78 38
53 43 57 13.95 30
56 49 51 19.85 50
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Thble B—4. Hydrocarbon concentrations in bulk atmospheric deposition.











7 16 84 36.38 79
8 10 90 52.50 137
10 12 88 11.74 31
13 33 67 40.85 44
14 82 18 11.32 30
15 75 25 10.08 26
16 78 22 8.50 37
18 57 43 41.69 44
20 67 33 27.58 112
21 60 40 12.57 120
22 70 30 16.90 73
23 68 32 9.94 31
25 60 40 35.06 97
29 42 58 30.29 79
30 76 24 15.50 252
35 57 43 18.86 156
37 54 46 19.28 32
38 42 58 27.17 31
39 42 58 9.34 61
42 87 13 453.68 207
44 68 32 36.81 75
45 78 22 50.15 41
49 23 77 50.78 52
51 26 74 8.53 35
56 57 43 18.18 59
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Table B-5. Hydrocarbon concentrations in balk atmospheric deposition.











3 44 56 53.40 152
6 28 72 33.63 34
7 35 65 16.88 22
8 12 88 33.55 82
10 37 63 8.47 14
11 36 64 9.01 18
13 26 74 215.67 325
14 84 16 8.97 20
15 75 25 15.73 70
16 67 33 13.41 48
18 51 49 60.78 71
20 74 26 32.12 80
21 78 22 19.08 132
22 86 14 14.77 25
23 68 32 28.77 47
25 87 13 52.42 73
29 100 0 3.44 11
33 100 0 187.46 76
35 52 48 36.34 140
36 83 17 267.10 326
37 80 20 55.35 295
38 64 36 9.58 13
39 68 32 14.20 60
42 100 0 83.18 83
44 79 21 10.21 13
45 100 0 6.56 5
49 58 42 9.93 13
51 52 48 7.91 32
53 40 60 9.75 11
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Table C-l. Sample collection dates and rainfall volumes. Station 1,
Norfolk, Virginia.
Sample Date Sample Date
Number Collected Volume (1) Number Collected Volume (1)
0 11/25/80 0.27 32 07/16/81 4.10
00 12/01/80 0.30 33 07/22/81 3.10
2 12/29/80 7.00 35 08/10/81 7.90
6 01/23/81 6.00 36 08/13/81 3.10
7 02/02/81 3.50 37 08/24/81 >19
8 02/09/81 3.50 38 09/09/81 18.00
10 02/22/81 4.25 39 09/20/81 3.50
11 03/06/81 4.00 42 10/05/81 4.50
13 03/24/81 5.00 43 10/19/81 1.30
14 04/06/81 8.75 44 10/29/81 12.00
15 04/15/81 1.20 45 11/16/81 4.00
16 04/21/81 2.10 46 11/18/81 7.10
17 04/24/81 5.00 47 11/30/81 1.20
18 05/07/81 3.00 48 12/03/81 4.50
20 05/18/81 2.40 49 12/06/81 1.20
21 05/21/81 2.50 50 12/16/81 9.00
22A 05/29/81 11.75 51 12/19/81 2.00
22B 05/29/81 1.80 52 01/05/82 16.25
23A 06/08/81 19.00 53 01/22/82 10.00
23B 06/08/81 2.50 54 02/02/81 2.25
25 06/23/81 2.40 55 wet 05/18/81 1.90
27 07/01/81 3.10 56 02/05/82 9.80
28 07/03/81 12.60 57 wet 02/16/82 1.33
30 07/07/81 13.00 58 wet 02/19/82 1.05
31 wet 07/13/81 4.95
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Table 0-2. Sample collection dates and rainfall volumes. Station 2,
Gloucester Point, Virginia.
Sample
Humber Date Collected Volume (1)
8 February 9, 1981 4.50
15 April 15, 1981 3.00
16 April 21, 1981 4.40
18 Hay 8, 1981 4.60
20 Hay 16, 1981 4.50
21 Hay 21, 1981 5.10
22 Hay 29, 1981 7.20
23 June 8, 1981 18.60
25 June 23, 1981 13.00
29 July 5, 1981 8.80
30 July 7, 1981 8.00
35 August 10, 1981 20.60
37 August 24, 1981 17.00
37 wet August 24, 1981 2.50
38 September 10, 1981 9.00
38 wet September 10, 1981 1.66
39 September 19, 1981 11.60
39 wet September 19, 1981 2.15
42 October 4, 1981 2.25
44 October 28, 1981 14.00
44 wet October 28, 1981 1.90
45 November 16, 1981 3.75
45 wet November 16, 1981 0.25
49 December 6, 1981 9.00
49 wet December 6, 1981 1.26
51 December 19, 1981 17.10
51 wet December 19,, 1981 2.55
53 January 22, 1982 10.00
56 February 5, 1982 10.75
56 wet February 5, 1982 2.75
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Table C-3. Sample collection dates and rainfall volumes*
Gloucester Point/ Virginia.
Sample
Number Pate Collected Volume (1)
7 February 4, 1981 4.0
8 February 9, 1981 4.0
10 February 24, 1981 10.5
13 March 24, 1981 * 2.0
14 April 6, 1981 10.5
15 April 15, 1981 7.2
16 April 21, 1981 8.0
18 May 8, 1981 5.5
20 May 16, 1981 10.0
21 May 21, 1981 14.7
22 May 29, 1981 10.6
23 June 8, 1981 9.5
25 June 23, 1981 13.6
29 July 5, 1981 9.6
30 July 7, 1981 10.0
35 August 10, 1981 28.0
37 August 24, 1981 7.2
38 September 10, 1981 6.0
39 September 19, 1981 >18
42 October 4, 1981 2.1
44 October 28, 1981 15.0
45 November 16, 1981 4.5
49 December 6, 1981 6.3
51 December 19, 1981 16.4
56 February 5, 1982 14.0
Station 3/
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Table C-4. Sample collection dates and rainfall volumes. Station 4,
Cedar View, Virginia.
Sample
Humber Date Collected Volume (1)
3 December 30, 1980 8.00
6 January 23, 1981 7.50
7 February 3, 1981 4.50
8 February 8, 1981 3.75
10 February 22, 1981 5.75
11 March 6, 1981 7.25
13 March 24, 1981 2.75
14 April 9, 1981 11.00
IS April 15, 1981 . 8.25
16 April 20, 1981 5.50
18 May 4, 1981 5.00
20 May 17, 1981 10.00
21 May 21, 1981 8.50
22 May 30, 1981 4.60
23 June 9, 1981 5.00
25 June 24, 1981 8.80
29 July 5, 1981 11.00
30 July 7, 1981 7.50
33 July 23, 1981 2.00
35 August 8, 1981 13.00
36 August 13, 1981 1.50
37 August 24, 1981 18.00
38 September 9, 1981 6.50
39 September 19, 1981 13.00
42 October 3, 1981 4.00
44 October 29, 1981 10.50
45 November 16, 1981 4.25
49 December 6, 1981 8.00
51 December 20, 1981 16.00
53 January 22, 1982 6.25
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APPENDIX D
ALIPHATIC AND AROMATIC HYDROCARBON CONCENTRATIONS 
BULK DEPOSITION SAMPLES

















Table D-1• Aliphatic and aromatic hydrocarbon concentrations In bulk 

















15 47 53 104.36 62 38 102.96 207.32
16 100 0 44.69 44 56 77.65 122.34
17 44 56 44.55 67 33 7.57 52.12
18 51 49 65.44 23 77 12.55 77.99
20 64 36 135.05 47 53 14.90 149.95
21 32 68 71.70 65 35 16.74 88.44
22 41 59 30.98 68 32 5.09 36.07
23 59 41 11.53 69 31 15.28 26.81
25 67 33 267.89 100 0 25.41 293.30
27 59 41 187.36 58 42 60.80 248.16
28 27 73 28.03 70 30 9.89 37.92
30 100 0 16.67 100 0 7.35 24.02
32 63 37 30.79 76 24 32.22 63.01
33 52 48 238.52 82 18 121.98 360.50
35 41 59 50.50 61 39 36.45 86.95
36 61 39 39.88 72 28 84.28 124.16
37 44 56 15.04 72 28 19.66 34.70
38 41 59 8.10 37 63 40.62 48.72
39 59 41 13.41 59 41 9.79 23.20
Mean 55 45 73*92 65 
fj Aliphatic hydrocarbons



















Table D*2« Aliphatic and aromatic hydrocarbon concentrations in bulk 



















42 41 59 44.76 60 40 53.37 98.13
43 39 61 108.17 64 36 235.27 343.44
44 26 74 27.37 48 52 20.14 47.51
45 48 52 76.06 45 55 173.07 249.13
46 49 51 20.91 43 57 35.59 56.50
47 49 51 64.17 69 31 335.69 399.86
48 15 85 68.45 38 62 59.51 127.96
49 36 64 126.78 44 56 147.11 273.89
51 51 49 36.80 78 22 44.75 81.55
52 20 80 19.09 55 45 37.63 56.72
53 22 78 33.14 54 46 33.39 66.53
56 14 86 50.67 68 32 47.18 97.85
Mean 34 66 56.36 56 
fj Aliphatic hydrocarbons
f2 Olefinic and low molecular weight aromatics 



















Table D-3. Aliphatic and aromatic hydrocarbon concentrations In bulk
deposition samples• Stations 2, 3 and 4•
fl f2
Total
Sample % « Total % % Total f2 Hydrocarbons
Number Resolved Unresolved fifug/l) Resolved Unresolved (lig/1) (|ig/l)
2-23 100 0 3.15 100 0 2.00 5.15
2-25 6B 32 34.24 79 21 58.34 92.58
2-35 58 42 9.11 15 85 2.57 11.68
2-42* 50 50 18.44 50 50 10.13 28.55
2-45* 56 44 19.81 — — 0.0 19.81
2-56* 47 53 13.38 52 48 6.47 19.85
3-23 78 22 8.68 0 100 1.26 9.943-25 72 28 11.78 54 46 23.28 35.06
3-42* 87 13 433.37 N.D. N.D. 20.31 453.68
3-56* 61 39 12.40 48 52 5.78 18.18
4-25 82 18 38.44 100 0 13.98 52.424-35 74 26 25.08 4 96 11.26 36.34
4-42* 100 0 65.20 100 0 17.98 83.18
Mean
Non-Urban
Stations 72 28 53.31 58 42 13.34 66.65
f, Aliphatic hydrocarbons
f9 Oleflnlc and low molecular weight aromatics
f3 Polycyclic aromatic hydrocarbons
N.D. Not determined
































2 6 3.16 12.01 25 2.60
6 3 4.30 4.93 24,25 1.00
7 N.D. N.D. N.D. 23 1.15
8 9 7.00 11.39 24 0.85
10 54 6.08 42.12 24 1.04
11 9 3.48 3.23 25 5.21
13 3 1.76 3.59 25,23 2.00
14 15 5.04 11.05 25,27 1.49
15 16 33.52 14.56 25,27 2.04
16 18 21.59 24.61 25,27 3.52
17 a 4.31 23.42 25,23,27 1.94
18 24 18.87 184.36 25,24,26 1.29
20 28 42.15 29.95 29,27 1.67
21 17 14.68 39.82 25 1.84
22 17 6.15 29.42 25 1.35
23 17 4.49 27.79 25 1.60
25 27 82.26 42.80 29,27,25 2.05
27 11 27.90 35.23 29 2.22
28 12 4.40 90.35 25,26 1.22
30 38 9.04 95.72 31,29 1.41
32 12 7.37 10.95 29 2.36
33 6 21.85 220.67 29 1.75
N.D. Not determined
(1) Major distribution maximum underlined































35 11 9.70 19.19 29 1.54
36 9 11.69 59.03 27,25 1.26
37 8 2.72 15.27 29 2.21
38 4 1.85 21.70 25 1.34
39 29 6.66 6.89 29,27 2.51
42 7 6.76 9.91 29 2.90
43 8 27.40 8.30 29 3.41
44 a 3.73 14.58 29 1.61
45 8 20.75 15.00 29 3.47
46 9 4.96 57.30 29 2.84
47 4 14.37 8.02 29 4.62
48 3 3.99 58.50 25,24,26 1.38
49 7 19.38 18.94 27,29 2.99
50 5 1.79 5.23 25,24,26 1.27
51 3 2.02 4.39 29,31 1.91
52 2 1.30 4.03 25,29 1.56
53 4 2.79 5.34 29 2.10
54 4 7.09 5.78 24,25,26 1.28
55 6 9.88 N.D. 29 5.92
56 3 3.20 7.30 29 1.85
N.D. Not determined
(1) Major distribution maximum underlined
































a 9 3.54 10.26 25,26 1.12
15 46 10.40 11.28 27,25 6.10
16 42 5.09 12.14 27,25,29 2.74
18 39 14.06 12.38 29,23 5.04
20 28 11.56 21.13 29 3.66
21 77 7.87 26.15 29 2.97
22 46 6.23 18.26 29,27 2.71
23 37 1.91 11.59 25,27 1.87
25 12 11.43 30.24 29,27,31 2.14
29 20 6.74 16.12 29 1.44
30 31 6.12 79.68 25,29 1.60
35 24 2.81 17.15 29 2.94
37 24 3.25 12.84 29 2.50
38 13 2.58 4.43 29 1.68
39 39 1.96 7.43 29 2.55
42 36 10.40 5.09 29 4.62
44 33 3.53 6.66 29,27 3.25
45 31 6.01 4.06 29,27 3.17
49 20 4.16 6.10 29 3.12
5.1 14 1.22 5.18 29 3.16
53 16 2.26 5.01 29 3.97
56 14 2.83 7.09 29 1.83
N.D. Not determined
(1) Major distribution maximum underlined































7 47 4.27 9.26 25.24 1.40
a 24 3.14 8.14 23,24,25 1.00
10 11 1.25 3.56 25 2.35
13 16 6.63 7.46 25.24 1.87
14 36 4.08 10.75 24,25 7.59
15 46 4.68 12.16 27,25 5.27
16 49 4.16 18.06 25,27 3.76
10 29 12.21 12.87 29,27,25 4.57
20 28 7.90 32.13 29 2.80
21 31 3.95 37.81 29 2.26
22 25 4.15 17.89 29 2.49
23 48 4.74 14.67 27,25 1.91
25 13 4.63 12.86 29 3.43
29 27 8.31 21.63 29 1.54
30 31 4.74 77.23 25 1.52
35 30 5.58 46.29 29 2.48
37 28 5.45 9.12 29 2.25
38 21 5.61 6.45 29,31 1.20
39 23 2.13 13.85 29,25,27 2.01
42 36 162.10 73.92 31,25,27 6.65
44 30 11.12 22.63 25 4.72
45 23 11.65 9.49 25 4.89
49 12 6.24 6.41 29,31 2.97
51 5 0.42 1.75 29 2.47
56 12 2.22 7.23 29 2.91
N.D. Not determined
(1) Major distribution maximum underlined
































6 9 2.93 2.98 29,25 1.56
7 22 3.75 5.00 29,27 1.72
8 8 2.73 6.65 24,25 1.06
10 35 2.96 5.01 29 1.43
11 14 1.33 2.61 25,23 2.60
13 2 4.61 6.87 25 1.82
14 52 4.65 10.45 27,29 3.65
15 36 5.59 25.10 23,25,27 6.01
16 40 5.41 19.39 25,27 3.78
18 25 15.08 17.53 29 3.14
20 58 18.62 46.64 27,23 7.07
2! 35 6.76 46.76 29 2.95
22 58 8.59 14.32 27,25 2.15
23 41 11.91 19.25 27,25 2.41
25 39 14.95 28.50 29 3.06
29r 78 2.67 8.71 25 2.13
33 27 49.92 20.33 23 7.64
35 14 5.22 20.13 29,23 2.07
36 N.O* N.D. N.D. 29 >1
37 N.D. N.D. N.D. 29 >1
38 33 3.20 4.22 29 3.09
39 30 4.22 17.86 29 3.24
42 N.D. N.D. N.D. 29 >1
44 38 3.87 5.08 29 3.75
45 57 3.72 3.01 29 3.91
49 31 3.09 3.98 29 4.41
51 23 1.79 7.35 29 4.01
53 29 2.86 3.26 29 4.36
N.D. Not determined
(1) Major distribution maximum underlined
(2) Odd/even ratio from C23 - C32
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APPENDIX F 
INDIVIDUAL n-ALKANE DEPOSITION RATES
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APPENDIX G
POLYCYCLIC AROMATIC HYDROCARBON DEPOSITION 
RATES (COMPLETE DATA)

















Table G-1. Polycyclic aromatic hydrocarbons In bulk atmospheric deposition 
(pg/mVday). Station 1, Norfolk, Virginia.
Number 1  2 ' 3 4  5
23 —  —  —  2.65
25
27
28 — — --
30
32 0.21 0.36 3.41
33 22.01 17.23 23.91 193.49
42 — — 2.91
44 — — 2.10
45 — — 2.43
6 7 8 9 10
4.83 4.62 0.65 0.63
1.97 1.48 — — —
7.57 5.87 7.87 2.52 0.60
21.01 15.62 6.11 8.97 3.09
6.40 4.69 — — —
4.33 3.60 0.61 0.66
276.22 224.89 eS.28 38.08 2.57
6.23 4.82 1.96 3.24 1.86
— 3.66 2.13 3.16 2.66
4.89 4.07 1.85 2.88 1.76
Total
11 12 13 14 IS <tig/m2/dav)
• — 13.38
— — — — — 3.45
0.61 0.80 25.84
2.59 1.22 — — — 58.61.
— — — — — 11.04'
13.17
3.09 3.65 — — — 854.42
— 1.76 0.66 — 0.53 24.21
1.84 1.90 0.93 0.47 0.77 19.62

































Table G-2. Polycyclic aromatic hydrocarbons in bulk atmospheric deposition 
(pg/m/day). Station 1, Norfolk, Virginia.
Total
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 I |ig/m2/day)
46 «a«» «•«* m __ 10.28 0.86 16.14 11.43 4.72 7.43 2.86 2.85 3.86 2.43 1.29 2.15 66.30
47 0.62 0.65 10.62 0.44 15.50 12.37 6.87 9.06 3.57 3.30 5.25 4.00 0.75 3.25 76.25
48 ~ — — 14.66 — 19.90 14.00 6.12 6.35 1.89 0.87 4.36 — — — 68.15
49 — — — 4.01 — 6.23 5.14 2.74 3.75 1.42 1.15 1.78 1.13 — 1.04 28.39
50 — — — 50.01 4.08 61.24 44.91 17.35 23.47 14.29 12.24 10.21 8.17 — 7.14 253.11
51 4.16 0.76 6.04 4.57 2.17 2.75 1.81 1.52 1.85 0.35 1.23 1.11 28.32
52 — — — 4.32 0.69 4.83 4.26 2.43 3.22 2.08 1.95 2.06 0.41 1.35 1.17 28.77
53 — — — 2.85 0.29 3.31 2.73 1.22 1.65 1.07 1.03 1.09 0.21 0.72 0.66 16.83




















* May be influenced by extremely high deposition rates In samples 33 and 50
126
APPENDIX H 
TOTAL ORGANIC CARBON ANALYSIS
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Table H-l. Total organic carbon (mg/i) in bulk and wet 
deposition samples.
STATIONS
1 2  3 4
Sample Wet Bulk Wet Bulk Wet Bulk Wet Bulk
9 6.20 _ 1. 36 __ 3.70
10 3.56 — 5.3 — 2.69 5.70 — 7.60
11 3.05 6.90 1.09 — 5.16 12.40 1.70 1.81
12 — — — — — — — 3.76
13 1.97 5.53 3.08 4.34 — 7.84 — —
14 3.03 — 4.11 17.6 — 9.55 10. 86 43.5
15 — — — — 5.80 13.1 6.19 49.9
16 — — 3.82 14.5 4.41 18.6 5.12 10.5
17 2. 96 13.1 — — — — — —
18 
1 Q
8.93 21.2 — — — — 5.28 —
20 — — 5.09 — 4.19 7.85 6. 65 14.5
21 5.76 — 11.00 6.15 5.66 4.42 7. 26 —
22 1.83 3.51 4.18 3. 62 3.33 3.86 18.1* 1.89
23 — 4.76 20.6 — 7. 28 — 2.81 —
24 — — — — 5.59 — 9.29 —
25 — — — 15.7 — — — —
29 2. 37 1.84 3.07 — — 3.72 — 0.77
30 — 8.31 5.78 7.33 — 6.31 3. 59 4. 27
31 13.9 — — — — — — —
33 15.9 18.6 — — — — 14.3 —
34 — — 7.43 — 5.07 4.35 5.45 —
36 7. 90 6.43 — — — — — —
37 1.18 1.84 5.33 5.91 0.67 — 10.8 2.47
38 1.65 2.27 10.5 4. 61 6. 68 9.40 4.05 —
39 4.17 17. 80 4.09 5.45 5. 87 4.06 6.71 7.32
44 — 14. 33 9. 39 8.03 13. 34 10. 39 10.60 14. 57
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